AWARD  NUMBER:  W81XWH-1 6-1 -0621 


TITLE:  Cellular  Plasticity  in  the  Diabetic  Myocardium 

PRINCIPAL  INVESTIGATOR:  Nikolaos  G  Frangogiannis 

RECIPIENT:  Albert  Einstein  Coiiege  of  Medicine 
Bronx,  NY  10461 

REPORT  DATE:  September  2017 

TYPE  OF  REPORT:  Annuai 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  Approved  for  Public  Release;  Distribution 
Unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not 
be  construed  as  an  official  Department  of  the  Army  position,  policy  or  decision  unless  so  designated  by 
other  documentation. 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
OMBNo.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including 
suggestions  for  reducing  this  burden  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway, 
Suite  1 204,  Arlington,  VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of 
information  if  it  does  not  display  a  currently  valid  0MB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


1 .  REPORT  DATE  2.  REPORT  TYPE  3.  DATES  COVERED 

September  17  Annual  1  Sep  2016  -  31  Auq  2017 


4.  TITLE  AND  SUBTITLE 


Cellular  Plasticity  in  the  Diabetic  Myocardium 


1  Sep  2016  -  31  Aug  2017 


5a.  CONTRACT  NUMBER 


5b.  GRANT  NUMBER 


6.  AUTHOR{S) 

Dr.  Nikolaos  Frangogiannis 


E-Mail:  Nikolaos.Frangogiannis@einstein.yu.edu 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Albert  Einstein  College  of  Medicine 
1300  Morris  Park  Avenue 
Bronx,  NY  10461 


9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick.  Maryland  21702-5012 


W81XWH-16-1-0621 


5c.  PROGRAM  ELEMENT  NUMBER 


5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


10.  SPONSOR/MONITOR’S  ACRONYM(S) 


11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 


12.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 


Approved  for  Public  Release;  Distribution  Unlimited 


13.  SUPPLEMENTARY  NOTES 


14.  ABSTRACT 

Heart  fibrosis  and  loss  of  blood  vessels  are  prominent  pathologic  abnormalities  in  diabetics  that  lead  to  the  development 
of  heart  failure.  Moreover,  reduced  angiogenesis  after  a  heart  attack  is  responsible  for  defective  myocardial  repair  in 
diabetic  subjects.  Although  the  negative  impact  of  diabetes  on  the  heart  is  widely  appreciated,  the  cellular  alterations  and 
molecular  signals  involved  in  fibrosis  and  blood  vessel  loss  in  diabetes  remain  unknown.  Applying  genetic  fate  mapping 
tools,  we  have  uncovered  an  unexpected  plasticity  and  heterogeneity  in  reparative  cells  and  identified  common  cellular 
links  between  angiogenesis  and  fibrosis.  We  investigate  the  role  of  these  novel  biological  mechanisms  in  the  pro-fibrotic 
and  angiostatic  effects  of  diabetes,  focusing  on  the  contribution  of  pericytes  and  endothelial  cells  in  the  cardiac  tissue 
repair  process. 


15.  SUBJECT  TERMS  Diabetes,  cardiomyopathy,  heart  failure,  fibrosis,  angiogenesis,  vascular  rarefaction,  pericytes, 
endothelial  cells,  endothelial-tomesenchymal  transition,  cellular  plasticity,  extracellular  matrix,  cell  fate  mapping,  gene 
expression,  signaling  pathways 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION 

OF  ABSTRACT 

18.  NUMBER 
OF  PAGES 

19a.  NAME  OF  RESPONSIBLE 

PERSON 

a.  REPORT 

Unclassified 

b.  ABSTRACT 

Unclassified 

c.  THIS  PAGE 

Unclassified 

Unclassified 

99 

19b.  TELEPHONE  NUMBER  (include 
area  code) 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39.18 


Table  of  Contents 


Page 


1.  Introduction .  6 

2.  Keywords .  7 

3.  Accomplishments .  8 

4.  Impact .  16 

5.  Changes/Problems .  17 

6.  Products .  17 

7.  Participants  &  Other  Collaborating  Organizations .  18 

8.  Special  Reporting  Requirements .  21 


9.  Appendices 


22 


USAMRMC  Proposal  Number  PR151029P1 

Title:  "Cellular  Plasticity  in  the  Diabetic  Myocardium" 

DoD  Award  Number  W81XWH-16-1-0622 

First  Annual  Report  from  09/01/2016  to  08/31/2017 


1.  Introduction 

Heart  tissue  fibrosis  and  loss  of  blood  vessels  are  prominent  pathologic 
abnormalities  in  diabetics  and  lead  to  the  development  of  heart  failure.  Moreover, 
reduced  angiogenesis  after  a  heart  attack  is  responsible  for  defective  myocardial  repair  in 
diabetic  subjects.  Although  the  negative  impact  of  diabetes  on  heart  function  and  repair 
is  widely  appreciated,  the  cellular  alterations  and  molecular  signals  involved  in  fibrosis 
and  blood  vessel  loss  in  diabetes  remain  unknown.  Applying  genetic  fate  mapping  tools, 
we  have  uncovered  an  unexpected  plasticity  and  heterogeneity  in  reparative  cells  and 
identified  common  cellular  links  between  angiogenesis  and  fibrosis.  We  investigate  the 
role  of  these  novel  biological  mechanisms  in  the  pro-fibrotic  and  angiostatic  effects  of 
diabetes,  focusing  on  the  contribution  of  pericytes  and  endothelial  cells  in  the  cardiac 
tissue  repair  process. 


2.  Keywords 

Diabetes,  cardiomyopathy,  heart  failure,  fibrosis,  angiogenesis,  vascular  rarefaction, 
pericytes,  endothelial  cells,  endothelial-to-mesenchymal  transition,  cellular  plasticity, 
extracellular  matrix,  lineage  tracing,  cell  fate  mapping,  gene  expression,  signaling 
pathways 
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3.  Accomplishments 

Major  Scientific  Goals  of  the  Project 

The  project  has  the  following  three  major  goals: 

a)  Determine  the  contribution  of  pericytes  to  the  development  of  cardiac  fibrosis 
in  diabetic  mice  (AECOM); 

b)  Evaluate  the  role  of  endothelial  cells  in  the  development  of  cardiac  fibrosis  in 
diabetic  mice  (VUMC); 

c)  Identify  molecular  pathways  promoting  fibrosis  and  causing  blood  vessel  loss 
in  diabetic  hearts  (AECOM  &  VUMC). 

Scientific  Accomplishments  of  the  Project 

a)  Work  performed  at  AECOM 

We  have  characterized  the  db/db  mouse  as  a  model  of  cardiac  fibrosis  and 
diastolic  dysfunction  that  recapitulates  characteristics  of  human  heart  failure  with 
preserved  ejection  fraction  (HFpEF).  Moreover,  we  have  systematically  studied  gender- 
specific  responses  in  this  model.  Our  experiments  demonstrated  that  obese  diabetic  db/db 
mice  in  a  C57B16J  background  exhibit  cardiac  remodeling,  associated  with  modest 
ventricular  dilation,  accompanied  by  marked  left  ventricular  hypertrophy,  in  the  absence 
of  systolic  dysfunction  (Figure  lA-I).  Elevated  left  ventricular  end-diastolic  pressure 
(FVEDP)  in  db/db  mice  suggests  significant  diastolic  dysfunction  (Figure  IJ-F). 
Hypertrophic  changes,  chamber  dilation  and  diastolic  dysfunction  are  more  prominent  in 
female  animals.  Thus,  the  db/db  mouse  model  recapitulates  features  of  HFpEF  observed 
in  human  patient  populations  and  is  particularly  useful  in  understanding  the  pathogenesis 
of  cardiac  dysfunction  associated  with  metabolic  disease. 
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Fig.  1  :  The  db/db  mouse  recapitulates  features  of  human  Heart  failure  with  preserved 
ejection  fraction  (HFpEF).  A-C:  db/db  mice  exhibit  modest  dilative  remodeling  at  6 
months  of  age,  evidenced  by  an  increase  in  left  ventricular  end-diastolic  volume 
(LVEDV).  D-F.  LV  mass  is  markedly  increased  in  db/db  mice.  Cardiac  hypertrophy  is 
accentuated  in  female  db/db  mice.  G-I:  Ejection  fraction  is  preserved  in  db/db  mice 
documenting  absence  of  systolic  dysfunction.  J-L:  Left  ventricular  end-diastolic  pressure 
(LVEDP)  is  increased,  predominantly  in  female  db/db  mice,  suggesting  diastolic 
dysfunction  (n=6-38/group). 
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We  have  documented  fibroblast  activation  in  db/db  mice.  In  order  to  examine  the 


mechanisms  of  fibroblast  activation  in  diabetic  mice,  we  have  isolated  fibroblasts  from  4- 
6  month  old  WT  and  db/db  hearts,  db/db  fibroblasts  had  increased  baseline  levels  of 
collagen  I  and  III  transcription,  but  had  blunted  responses  to  TGF-pi  stimulation  (Figure 
2A-B).  Fibroblast  activation  in  db/db  hearts  is  not  associated  with  myofibroblast 
conversion.  In  contrast  to  infarct  fibroblasts,  diabetic  fibroblasts  do  not  exhibit  expression 
of  a-smooth  muscle  actin  (a-SMA),  periostin  or  fibroblast  activation  protein  (FAP). 
These  findings  suggest  that  diabetes  stimulates  an  alternative  activation  pathway  that  is 
not  associated  with  myofibroblast  conversion. 


collagen  I  in  fibroblasts 


collagen  III  in  fibroblasts 


Fig  2:  Activation  of  diabetic  fibroblasts  does  not  involve  myofibroblast  conversion.  A-B: 
Cardiac  fibroblasts  harvested  from  db/db  mice  (at  4-6  months  of  age)  exhibit  increased 
baseline  transcription  of  collagen  I  (A)  and  collagen  III  (B).  However,  the  response  of 
diabetic  fibroblasts  from  4-6  month  old  mice  to  TGF-pi  is  blunted  (n=6/group).  C-H. 
Activation  of  fibroblasts  in  the  diabetic  heart  does  not  involve  myofibroblast  conversion. 
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Immunohistochemical  staining  for  fibroblast  activation  protein  (FAP,  panels  C-E)  and 
periostin  (F-H)  in  hearts  from  lean  WT  mice  (C,  F)  and  db/db  mice  (D,  G)  and  in  lean 
mouse  infarcts  (after  7  days  of  coronary  occlusion).  Infarcted  mouse  hearts  exhibit 
infiltration  with  activated  FAP  and  periostin-expressing  myofibroblasts.  In  contrast, 
periostin  and  FAP  are  not  expressed  in  diabetic  hearts. 

We  have  assessed  expression  of  TGF-B-related  genes  in  db/db  mouse  hearts. 
Because  TGF-betas  are  critically  involved  in  the  fibrotic  response  and  are  activated  in  a 
high-glucose  environment,  we  performed  a  comprehensive  analysis  of  the  effects  of 
diabetes  on  TGF-P  superfamily  genes  using  a  PCR  array.  We  found  that  at  the  6  month 
timepoint,  TGF-P  isoforms  is  not  significantly  upregulated  in  the  diabetic  myocardium; 
however  expression  of  the  XpRII  receptor  and  the  inhibitory  pseudoreceptor  BAMBI  is 
markedly  higher.  Moreover,  BMP4,  BMP6  and  Bmpr2  exhibit  significant  upregulation 
(Figure  3).  The  findings  highlight  the  complex  regulation  of  TGF-P  cascades  in  vivo. 
Early  induction  of  TGF-Ps  may  be  followed  by  activation  of  endogenous  inhibitory 
pathways  (such  as  the  decoy  receptor  BAMBI),  in  order  to  restrain  TGF-P-driven 
fibrosis. 


Fig  3  :  Induction  of  TGF-P  superfamily  genes  in  the  diabetic  heart.  PCR  array  was  used  to 
assess  gene  expression  in  male  mouse  hearts  at  6  months  of  age  (n=4).  TGF-P  isoforms 
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were  not  significantly  upregulated  in  db/db  mice;  however  expression  of  the  XpRII 
receptor  and  the  inhibitory  pseudoreceptor  BAMBI  were  markedly  elevated.  There  was 
also  evidence  for  activation  of  the  BMP  cascade.  BMP4,  BMP6  and  Bmpr2  expression 
levels  were  significantly  higher  in  db/db  hearts. 

We  are  using  lineage  tracing  strategies  to  test  the  hypothesis  that  cardiac  pericytes 
generate  fibroblasts  in  the  diabetic  myocardium.  We  have  crossed  db/+  mice  with  NG2- 
dsred  pericyte  reporter  animals  to  generate  diabetic  pericyte  reporter  mice.  db/+; 
NG2dsred  animals  are  bred  with  db/+  controls,  in  order  to  generate  db/db;NG2dsred  mice 
(12.5%  of  the  offspring).  Unfortunately  breeding  of  2  NG2dsred  animals  appears  to 
significantly  decrease  litter  size;  thus  generation  of  adequate  numbers  of  diabetic  pericyte 
reporter  mice  will  require  expansion  of  our  colonies.  For  lineage  tracing,  NG2-Cre  mice 
were  crossed  with  K26KstopYFP  (Rosa-YFP)  mice  in  order  to  generate  double  transgenic 
NG2-Cre-YFP  mice  to  specifically  label  pericytes  and  their  progeny.  We  currently  have 
12  breeding  cages  of  db/+;  NG2-Cre;  Rosa-YFP  to  generate  homozygote  db/db  mice  that 
are  also  positive  for  NG2-Cre  Rosa-YFP.  We  have  already  generated  6  diabetic  mice, 
positive  for  NG-2Cre  and  Rosa-YFP  that  can  be  used  for  lineage  tracing.  The  first 
experimental  material  from  these  animals  will  be  available  in  2  months. 

b)  Work  performed  at  VUMC 

We  are  using  Cre/Lox-based  cell  lineage  tracing  strategies  to  evaluate  the 
contribution  of  endothelial  cells  to  the  generation  of  extracellular  matrix  producing  cells 
in  diabetic  mouse  hearts,  thereby  contributing  to  interstitial  fibrosis  and  myocardial 
dysfunction.  To  this  end,  we  have  crossed  the  Tiel-Cre  mice  to  the  K26KstopYFP  (Rosa- 
YFP)  mice  in  order  to  generate  double  transgenic  Tie-l-Cre-YFP  mice  to  specifically 
label  endothelial  cells  and  their  progeny.  These  mice  were  then  bred  to  each  other  and 
genotyped  in  order  to  generate  Tie-l-Cre-YFP  mice  that  are  homozygote  for  both  the  Cre 
recombinase  and  R26RYFP  loci.  Double  homozygote  Tie-l-Cre-YFP  mice  were  then 
bred  to  db/-i-  heterozygotes  to  generate  db/-i-  Tiel-Cre  Rosa-YFP  mice  and  non-diabetic 
Tiel-Cre  Rosa-YFP  siblings  as  controls.  We  have  obtained  approximately  25  db/-i- 
heterozygotes  and  30  non-diabetic  controls  that  are  also  heterozygote  for  both  the  Tiel- 
Cre  Rosa-YFP  loci.  We  are  currently  breeding  db/-i-  Tie- 1 -Cre  Rosa-YFP  mice  to 
generate  homozygote  db/db  mice  that  are  also  positive  for  Tie- 1 -Cre  Rosa-YFP.  At 
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present,  5  breeding  pairs  are  successfully  breeding.  Five  newly  added  cages  (total  of  10 
breeding  pairs)  are  expected  to  expand  the  number  of  experimental  animals  with  desired 
genotypes  to  10-15  mice,  which  will  be  sufficient  to  perform  the  endothelial  cell  lineage 
tracing  experiments. 

c)  Work  performed  collaboratively  at  VUMC  and  AECOM 

To  identify  novel  molecular  pathways  linked  to  pathological  fibrosis  and  vascular 
rarefaction  in  diabetics,  we  compared  total  heart  gene  expression  profiles  between  female 
control  and  diabetic  mice  at  6  months  of  age,  where  there  is  clear  functional  and 
histological  evidence  of  diabetic  cardiomyopathy.  In  brief,  hearts  from  3  normal  and  3 
db/db  mice  were  isolated  at  AECOM  and  shipped  to  VUMC  where  total  RNA  was 
extracted  using  standard  techniques.  The  6  RNA  samples  were  then  sent  to  the 
Vanderbilt  sequencing  core  (VANTAGE).  5  of  6  samples  (3  db/db  and  2  normal 
controls)  passed  the  strict  RNA  quality  control  and  processed  for  RNA  sequencing.  A 
portion  of  the  purified  and  validated  RNA  samples  that  passed  quality  controls  was 
shipped  from  VUMC  back  to  AECOM  for  analysis  using  TGF-P  superfamily  gene  PCR 
arrays  (please  see  section  a  above) 

Paired  end  sequencing  was  performed  at  75X  depth  with  45  million  reads  per 
sample.  Raw  data  (FASTQ  files)  were  uploaded  to  Partek  Flow  for  analysis  and  data 
quality  assessment.  Sequences  were  aligned  to  the  mmlO  platform  of  the  Mus  musculus 
genome  using  STAR,  followed  by  total  count  normalization  with  minimum  values  set  to 
a  minimum  of  0.0001.  Data  were  annotated  using  Ensemble  Release  83  and  quantified  at 
the  gene  level  using  the  Partek  E/M  multimodel  algorithm.  Partek  Genomics  Suite  6.6 
was  used  for  principal  components  analysis  and  for  hierarchical  clustering  with  average 
linkage  and  Euclidian  distance  of  normalized  values  (RPM)  generated  from  BAM  files 
(i.e.,  aligned  sequences). 

As  shown  in  Figure  4,  diabetic  heart  samples  clustered  separately  from  controls, 
with  2,269  transcripts  showing  significant  differences  between  the  two  genotypes.  In 
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total,  310  genes  showed  higher  and  1,959  genes  showed  lower  expression  levels  in 
diabetie  hearts  eompared  to  normal  eontrols. 


Data  were  submitted  to  Gene  Set  Enriehment  Analysis  (GSEA)  at  the  Broad 
Institute  and  to  DAVID  (Database  for  Annotation,  Visualization  and  Integrated 
Discovery).  Up  and  down-regulated  processes  were  analyzed  using  DAVID  and  gene 
ontology.  GSEA  provided  signaling  pathways  derived  from  the  RNA  sequencing  data 
and  associated  genes. 


Group  ■  Control  ■  Diabetic 


-1.79  0.00  1.79 

Fig  4:  Hierarchical  clustering  of  2,269  RNA  transcript  reads  per  kilobase  per  million 
mapped  reads  for  genes  with  significant  differential  expression  (fold  difference  >1.5,  p 
value  <0.05)  between  2  control  and  3  diabetic  samples  using  Partek  Genomics  Suite  with 
average  linkage  and  Euclidean  distance  measures.  Bright  red,  bright  blue,  and  black 
indicate  the  highest,  lowest,  and  median  normalized  reads,  respectively.  Vertical 
dendrograms  represent  the  individual  tissue  samples  (green  =  control,  purple  =  diabetic). 


The  results  showed  that  many  upregulated  transcripts  represent  genes  expressed 
during  heart  development  (Eigure  5),  a  finding  that  is  consistent  with  previous  reports 
indicating  activation  of  the  fetal  gene  expression  program  in  failing  diabetic  hearts. 
Moreover,  there  is  upregulation  of  extracellular  matrix  (ECM)  proteins,  indicative  of 
fibrosis.  Among  key  signaling  pathways,  we  found  activation  of  Wnt  signaling 


13 


components,  suggesting  a  role  of  the  pathway  in  defeetive  angiogenesis  and  fibrosis  in 
diabetic  hearts.  In  eontrast,  the  majority  of  the  downregulated  pathways  suggest 
abnormal  immune  system  response  and  deregulation  of  eatabolie  pathways  (Figure  6). 


Regulation  of  cell  proliferation 
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ECM  organization 
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Circulatory  system  development 


-Log(p  value) 


Fig  5  :  Chart  showing  key  up-regulated  pathways  in  diabetic  hearts.  The  number  of  genes 
in  each  pathway  is  indicated  to  the  right. 


Fig  6:  Chart  showing  key  down-regulated  pathways  in  diabetic  hearts.  The  number  of 
genes  in  each  pathway  is  indicated  to  the  right. 
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Training  opportunities  and  professional  development 


Linda  Alex,  PhD  has  joined  the  project.  Dr  Alex  is  a  post-doctoral  fellow  who 
completed  her  thesis  work  on  the  biology  of  cardiac  fibroblasts.  In  our  laboratory,  Dr 
Alex  has  characterized  the  cardiomyopathic  process  in  diabetic  mice  (Figures  1-3),  had 
performed  extensive  in  vitro  work  investigating  the  phenotype  of  diabetic  fibroblasts  and 
has  developed  diabetic  mouse  lines  for  identification  and  lineage  tracing  of  cardiac 
pericytes.  This  project  provides  a  unique  training  opportunity  for  Dr  Alex,  combining  in 
vitro  and  in  vivo  studies  to  dissect  the  cell  biological  basis  of  diabetes-associated  cardiac 
fibrosis. 

How  were  the  results  disseminated  to  communities  of  interest? 

A  manuscript  characterizing  the  fibrotic  response  in  db/db  mice  is  currently  in 
preparation  and  will  be  submitted  for  publication  within  the  next  few  months.  Findings 
describing  atrial  remodeling  in  diabetic  mice  were  recently  published  (Hanif  et  ah, 
Cardiovasc.  Pathol.  2017).  Most  of  the  findings  presented  in  this  report  are  preliminary; 
these  were  not  yet  disseminated  to  the  general  scientific  community  and  public,  except 
during  informal  presentations  and  discussions  in  internal  work-in-progress  meetings  and 
regular  teleconferences  between  the  partnering  institutions.  The  concepts  explored  in  this 
proposal  have  significantly  contributed  to  development  of  our  paradigm  on  the 
pathogenesis  of  cardiac  fibrosis  and  are  discussed  in  a  series  of  invited  review 
manuscripts  and  editorials  (please  see  “products”). 

Plans  for  the  next  reporting  period 

During  the  next  reporting  period,  we  expect  to  perform  a  significant  part  of  the 
planned  cell  lineage  tracing  experiments.  The  time  consuming  breeding  period  to 
achieve  the  desired  triple  genotypes  is  almost  complete.  Therefore,  we  expect  to  analyze 
hearts  from  2  and  6  months  old  mice  using  primarily  histological  techniques  to  assess  the 
extent  of  endothelial-to-mesenchymal  transition  contribution  to  vascular  rarefaction  and 
fibrosis.  Furthermore,  the  contribution  of  pericytes  in  fibrosis  and  the  pathophysiology  of 
diabetic  cardiomyopathy  will  be  assessed  using  the  corresponding  Cre  lines. 
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We  will  validate  the  primary  RNAseq  data  using  histological,  molecular  and 
cellular  techniques.  These  analyses  will  likely  yield  new  insights  in  the  development  of 
diabetic  cardiomyopathy  and  may  identify  new  targets  to  treat  heart  disease  in  diabetics. 
We  are  particularly  excited  about  the  potential  involvement  of  TGF-beta  signaling 
cascades  in  diabetes-associated  fibrosis  and  the  molecular  links  between  the  fundamental 
metabolic  perturbations  in  diabetes,  obesity  and  metabolic  dysfunction  (hyperglycemia, 
alterations  in  insulin  signaling  and  adipokine  expression,  oxidative  stress,  generation  of 
advanced  glycation  end-products,  etc)  and  the  TGF-beta  response. 

Our  preliminary  data  also  show  significant  differences  in  gene  activity  in  diabetic 
hearts  between  female  and  male  mice.  Because  women  suffer  more  severe  diabetic 
cardiomyopathy  than  men,  we  plan  to  systematic  compare  gender- specific  gene 
expression  profiles,  expanding  the  RNAseq  analysis  to  male  hearts  at  comparable  ages  to 
females.  We  will  also  perform  independent  lineage  tracing  studies  in  male  and  female 
mice.  We  expect  these  original  studies  to  provide  novel  information  about  gender- 
specific  deficits  in  diabetes. 

4.  Impact 

HFpEF  is  a  major  cause  of  morbidity  and  mortality  worldwide.  There  is  currently 
no  effective  treatment  for  patients  with  HFpEF.  Although  cardiac  fibrosis  has  been 
implicated  in  the  pathogenesis  of  HFpEF,  the  cellular  basis  for  fibrotic  remodeling  of  the 
ventricle  is  poorly  understood.  Metabolic  diseases  (such  as  obesity  and  diabetes)  are 
associated  with  an  increased  incidence  of  HFpEF;  however,  the  pathophysiological 
mechanisms  responsible  for  this  association  remain  unknown.  Our  experiments  have 
established  a  model  of  HFpEF  due  to  metabolic  disease  that  can  be  used  to  dissect 
cellular  mechanisms.  This  is  of  outstanding  significance  for  pathophysiologic  dissection 
in  vivo.  Our  planned  experiments  will  use  lineage  tracing  strategies,  in  vivo  and  in  vitro 
approaches  to  dissect  the  basis  for  activation  of  diabetic  fibroblasts.  The  significance  of 
the  studies  extends  beyond  the  cardiovascular  field,  as  diabetes-associated  tissue  fibrosis 
has  an  impact  on  other  organs  (such  as  the  kidney  and  the  liver). 
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5.  Changes/Problems 


No  changes  or  problems  to  report 

6.  Products 

Publications 

1.  NG  Frangogiannis.  The  functional  pluralism  of  fibroblasts  in  the  infarcted 
myocardium.  Circ  Res  2016;  119:  1049-1051.  Acknowledgment  of  DoD  grant  support: 
Yes. 

2.  AV  Shinde,  C  Humeres,  and  NG  Frangogiannis.  The  role  of  a-smooth  muscle  actin  in 
fibroblast-mediated  matrix  contraction  and  remodeling.  BBA  Mol  Bus  Dis  2017;  1863: 
298-309.  Acknowledgment  of  DoD  grant  support:  Yes. 

3.  NG  Frangogiannis.  The  extracellular  matrix  in  myocardial  injury,  repair  and 
remodeling.  J  Clin  Invest  2017;  127:  1600-1612.  Acknowledgment  of  DoD  grant  support: 
Yes. 

4.  W  Hanif,  L  Alex,  Y  Su,  AV  Shinde,  I  Russo,  N  Li,  and  NG  Frangogiannis.  Left  atrial 
remodeling,  hypertrophy  and  fibrosis  in  mouse  models  of  heart  failure.  Cardiovasc 
Pathol  2017;30-27-37.  Acknowledgment  of  DoD  grant  support:  Yes. 

5.  AV  Shinde,  M  Dobaczewski,  JJ  De  Haan,  A  Saxena,  KK  Lee,  Y  Xia,  W  Chen,  Y  Su, 
W  Hanif,  IK  Madahar,  VM  Paulino,  G  Melino  and  NG  Frangogiannis.  Tissue 
transglutaminase  induction  in  the  pressure-overloaded  myocardium  regulates  cardiac 
remodeling.  Cardiovasc  Res  2017;  113:892-905.  Acknowledgment  of  DoD  grant  support: 
Yes. 

6.  NG  Frangogiannis.  Activation  of  the  innate  immune  system  in  the  pathogenesis  of 
acute  heart  failure.  Eur  Heart  J  Acute  Cardiovasc  Care  2017  Aprl  (epub  ahead  of  print). 
Acknowledgment  of  DoD  grant  support:  Yes. 
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7.  NG  Frangogiannis.  Fibroblasts  and  the  extracellular  matrix  in  right  ventricular  disease. 
Cardiovasc  Res  2017;  113:  12:  1453-1464.  Acknowledgment  of  DoD  grant  support:  Yes. 


8.  Shinde  AV  and  NG  Frangogiannis.  Mechanisms  of  fibroblast  activation  in  the 
remodeling  myocardium.  Curr  Pathobiol  Rep  2017;  5:145-152.  Acknowledgment  of  DoD 
grant  support:  Yes. 


5.  PARTICIPANTS  &  OTHER  COLLABORATING  ORGANIZATIONS 
What  individuals  have  worked  on  the  project? 

Provide  the  following  information  for:  [1]  PDs/Pls;  and  [2]  each  person  who  has 
worked  at  least  one  person  month  per  year  on  the  project  during  the  reporting  period, 
regardless  of  the  source  of  compensation  (a  person  month  equals  approximately  160 
hours  of  effort).  If  information  is  unchanged  from  a  previous  submission,  provide  the 
name  only  and  indicate  “no  change". 


Name 

Nikolaos  Frangogiannis 

"no  change" 

Project  Role 

Research  Identifier  e.g  ORCHID 

Contribution  to  Project 

Dr  Frangogiannis  developed  the 
proposed  concepts,  designed  the 
experiments,  and  participated  to 
the  analysis. 

Funding  Support 

Name 

Ya  Su 

"no  change" 

Project  Role 

Associate 

Research  Identifier  e.g  ORCHID 
ID): 

Neare.st  nerson  month  worked 

6 

Contribution  to  Project 

Dr  Ya  Su  performs  in  vivo 
echocardiographic  experiments 

and  contributes  to  the 

development  of  mouse  lines  for 
lineage  tracing  and  to  the  in  vitro 
studies. 
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Funding  Support 

Name 

Linda  Alex 

"no  change" 

Project  Role 

Research  Associate 

Research  Identifier  e.g  ORCHID 

Nearest  person  month  worked 

12 

Contribution  to  Project 

Dr  Linda  Alex  is  breeding  the 
colonies  of  diabetic  pericyte 
reporter  mice  and  the  animals  for 
lineage  tracing.  She  performs 
genotypic  and  characterization  of 
all  genetic  tools.  She  performs  in 
vitro  experiments  for  stimulation 
of  cardiac  pericytes  and 

fibroblasts. 

Funding  Support 
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Has  there  been  a  change  in  the  active  other  support  of  the  PD/PI (s)  or 
senior/key  personnel  since  the  last  reporting  period? 

If  there  is  nothing  significant  to  report  during  this  reporting  period,  state  “Nothing  to 
Report." 

If  the  active  support  has  changed  for  the  PD/PI(s]  or  senior/key  personnel,  then 
describe  what  the  change  has  been.  Changes  may  occur,  for  example,  if  a  previously 
active  grant  has  closed  and/or  if  a  previously  pending  grant  is  now  active.  Annotate 
this  information  so  it  is  clear  what  has  changed  from  the  previous  submission. 
Submission  of  other  support  information  is  not  necessary  for  pending  changes  or  for 
changes  in  the  level  of  effort  for  active  support  reported  previously.  The  awarding 
agency  may  require  prior  written  approval  if  a  change  in  active  other  support 
significantly  impacts  the  effort  on  the  project  that  is  the  subject  of  the  project  report 

No  changes  to  report. 


What  other  organizations  were  involved  as  partners? 

If  there  is  nothing  significant  to  report  during  this  reporting  period,  state  “Nothing  to 
Report" 

Describe  partner  organizations  -  academic  institutions,  other  nonprofits,  industrial  or 
commercial  firms,  state  or  local  governments,  schools  or  school  systems,  or  other 
organizations  (foreign  or  domestic)  -  that  were  involved  with  the  project.  Partner 
organizations  may  have  provided  financial  or  in-kind  support,  supplied  facilities  or 
equipment,  collaborated  in  the  research,  exchanged  personnel,  or  otherwise  contributed. 

Provide  the  following  information  for  each  partnership: 

Organization  Name: 

Location  of  Organization:  (if  foreign  location  list  country) 

Partner’s  contribution  to  the  project  (identify  one  or  more) 

•  Financial  support; 

•  In-kind  support  (e.g.,  partner  makes  software,  computers,  equipment,  etc., 
available  to  project  staff); 

•  Facilities  (e.g.,  project  staff  use  the  partner’ s  facilities  for  project  activities); 

•  Collaboration  ( e.g.,  partner’s  staff  work  with  project  staff  on  the  project); 
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Personnel  exchanges  (e.g.,  project  staff  and/or  partner’s  staff  use  each  other’s 

facilities,  work  at  each  other’s  site);  and 

Other. 


Organization  Name 

Vanderbilt  University 

Location  of  Organization 

Vanderbilt  Center  for  Stem 
Cell  MRB  iV-P425C 

Biology  2213  Garland 

Avenue 

Nashville.  TN  37232-6300 

Collaborating  PI:  Dr  Antonis 
Hatzopoulos 

Partner's  Contribution 

Dr.  Antonis  Hatzopoulos  is 
an  expert  in  the  cell  biology 
of  the  vascular  cells  and 
examines  the  involvement 
of  endothelial  cells  in 
mediating  diabetes- 
associated  fibrosis 

Financial  Support 

Facilities 

Collaboration 

Collaboration  between  the 
Pis  as  outlined  above 

Personal  exchanges 

Other 

6.  SPECIAL  REPORTING  REQUIREMENTS 

COLLABORATIVE  AWARDS:  For  collaborative  awards,  independent  reports  are 
required  from  BOTH  the  initiating  Principal  investigator  (Pi)  and  the 
Collaborating/Partnering  Pi.  A  duplicative  report  is  acceptable;  however,  tasks  shall 
be  clearly  marked  with  the  responsible  Pi  and  research  site.  A  report  shall  be 
submitted  to  https://ers.amedd.army.mil  for  each  unique  award.  They  must  also 
submit  a  progress  report. 

Dr  Hatzopoulos  (Partnering  Pi)  will  submit  his  own  progress  report.  Both  reports 
contain  the  same  description  of  the  accomplishments;  contributions  of  each 
laboratory  to  the  reported  accomplishments  are  clearly  indicated. 
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QUAD  CHARTS:  If  applicable,  the  Quad  Chart  (available  on 

https:  / /www.usamraa.army.mil)  should  be  updated  and  submitted  with 

attachments. 

N/A 

7.  APPENDICES:  Attach  all  appendices  that  contain  information  that  supplements, 
clarifies  or  supports  the  text.  Examples  include  original  copies  of  journal  articles, 
reprints  of  manuscripts  and  abstracts,  a  curriculum  vitae,  patent  applications,  study 
questionnaires,  and  surveys,  etc. 

Active  other  support  of  the  PI  (Nikolaos  Frangogiannis) 


ACTIVE: 


Title  of  the  project:  Chemokines  in  healing  myocardial  infarcts 

ROl  HL076246 

Funding  agency:  NIH/NHLBI 

Investigator  relationship: 

Principal  Investigator 

Dates  of  funding:  6/2005-4/2019. 

The  project  deals  with  cell-specific  chemokine  and  cytokine  actions  in  the  infarcted 
myocardium.  There  is  no  overlap  with  the  current  DoD-funded  project. 

Title  of  the  project:  Resolution  of  inflammation  in  healing  myocardial  infarcts 

ROl  HL085440 

Funding  agency:  NIH/NHLBI 

Investigator  relationship: 

Principal  Investigator 

Dates  of  funding:  12/2007-5/2021 

This  project  deals  with  the  role  of  intracellular  signals  that  inhibit  innate  immune 
responses  in  the  infarcted  heart.  There  is  no  overlap  with  the  current  DoD-funded 
project. 

Title  of  the  project:  Fibroblast-Cardiomyocyte  Interactions  in 

the  Pressure  Overloaded  Myocardium 

PR151134 

Funding  agency:  Department  of  Defense  office  of  the  Congressionahy  Directed 
Medical  Research  Programs  (CDMRP). 

Investigator  relationship: 

Principal  Investigator  (Partnering  PI  award;  co-PI:  Dr.  Richard  Kitsis 
Albert  Einstein  College  of  Medicine) 

Dates  of  funding:  9/15/2016-9/14/2019. 
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Goals  of  the  project:  The  project  studies  protective  interactions  between  fibroblasts 
and  cardiomyocytes  in  the  pressure-overloaded  heart.  There  is  no  overlap  with  the 
current  DoD-funded  project. 


PENDING: 

None 

OVERLAP: 

None 
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Editorial 


The  Functional  Pluralism  of  Fibroblasts 
in  the  Infarcted  Myocardium 

Nikolaos  G.  Frangogiannis 


The  mammalian  heart  contains  a  large  population  of  in¬ 
terstitial  fibroblast-like  cells;  in  the  adult  mouse  myo¬ 
cardium,  10%  to  30%  of  myocardial  cells  were  identified  as 
fibroblasts.'’^  These  cells  expand  following  injury  and  play 
an  important  role  in  cardiac  repair^  but  may  also  participate 
in  the  pathogenesis  of  adverse  postinfarction  remodeling.'' 
Traditional  views  consider  cardiac  fibroblasts  as  matrix-pro¬ 
ducing  cells  that  simply  serve  to  preserve  the  structural  in¬ 
tegrity  of  the  ventricle  after  acute  myocardial  infarction  by 
replacing  dead  cardiomyocytes  with  scar  tissue  and  contribute 
to  cardiac  fibrosis  in  pathophysiologic  conditions  associated 
with  chronic  pressure  overload  or  metabolic  dysfunction.^’'’ 
However,  this  unidimensional  view  is  not  an  accurate  reflec¬ 
tion  of  fibroblast  function.  A  growing  body  of  in  vitro  hndings 
and  in  vivo  observations  suggests  that  hbroblasts  exhibit  a  re¬ 
markable  functional  pluralism.  In  addition  to  their  established 
role  in  matrix  synthesis  and  metabolism,  fibroblasts  are  also 
capable  of  secreting  a  wide  range  of  immunoregulatory,  cyto- 
protective,  and  angiogenic  mediators  in  response  to  microen¬ 
vironmental  changes. 

Article,  see  p  1116 

In  adult  mammals,  sudden  death  of  myocardial  cells  over¬ 
whelms  the  negligible  regenerative  reserve  of  the  myocardi¬ 
um;  as  a  result,  the  infarcted  heart  heals  through  the  formation 
of  a  collagen-based  scar.  Repair  of  the  infarcted  myocardium 
is  dependent  on  timely  activation  and  repression  of  an  inflam¬ 
matory  reaction  that  serves  to  clear  the  infarct  from  dead  cells 
and  matrix  debris.  Inflammation  after  myocardial  infarction  is 
activated  through  the  release  of  danger-associated  molecular 
patterns  from  dying  cells  and  degraded  matrix.’  These  danger 
signals  have  been  reported  to  activate  all  cell  types  involved 
in  cardiac  injury  and  repair.  Cardiac  hbroblasts  respond  to 
danger-associated  molecular  patterns  and  can  produce  large 
amounts  of  chemokines  and  cytokines  that  may  play  an  im¬ 
portant  role  in  the  activation  of  the  postinfarction  inflamma¬ 
tory  response.*  Moreover,  it  has  been  suggested  that  cardiac 
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hbroblasts  may  modulate  prosurvival  signaling  cascades  in 
ischemic  cardiomyocytes,  affecting  their  susceptibility  to 
apoptosis  or  necrosis.  Unfortunately,  these  intriguing  con¬ 
cepts  on  the  role  of  hbroblasts  in  myocardial  disease  are  cur¬ 
rently  supported  almost  exclusively  by  in  vitro  experiments 
and  by  associative  evidence.’’®  '”  Considering  the  wide  range 
of  cell  types  capable  of  responding  to  danger  signals  trigger¬ 
ing  the  inhammatory  reaction  after  myocardial  infarction,  the 
relative  signihcance  of  hbroblasts  remains  unclear.  Dissection 
and  documentation  of  the  role  of  hbroblasts  as  cellular  effec¬ 
tors  of  myocardial  inhammation  have  been  hampered  by  the 
challenges  in  the  development  of  hbroblast-specihc  targeting 
approaches  in  vivo." 

In  this  issue  of  Circulation  Research,  Woodall  et  al'’  pro¬ 
vide  the  hrst  direct  in  vivo  evidence  supporting  a  crucial  role 
for  cardiac  hbroblasts  in  regulating  cardiomyocyte  survival 
and  in  triggering  the  inhammatory  response  after  myocardial 
infarction.  The  authors  generated  mice  with  hbroblast-specihc 
loss  of  G  protein-coupled  receptor  kinase  2  (GRK2),  a  ubiq¬ 
uitous  member  of  the  GRK  family  with  a  central  role  in  signal 
transduction.  In  a  model  of  reperfused  myocardial  infarction, 
hbroblast-specihc  GRK2  loss  reduced  the  size  of  the  infarct, 
decreasing  secretion  of  proinhammatory  cytokines,  such  as 
tumor  necrosis  factor-a,  and  attenuating  cardiomyocyte  apop¬ 
tosis.  In  vitro,  GRK2  loss  attenuated  nuclear  translocation  of 
nuclear  factor-KB  and  subsequent  tumor  necrosis  factor-a 
synthesis  in  isolated  hbroblasts.  Moreover,  conditioned  media 
from  hbroblasts  lacking  GRK2  potentiated  Akt  signaling  in 
cardiomyocytes,  suggesting  the  activation  of  a  cytoprotective 
pathway.  Although  the  study  provides  the  hrst  direct  docu¬ 
mentation  of  a  crucial  role  for  cardiac  hbroblasts  in  regulat¬ 
ing  cardiomyocyte  injury  and  inhammation  in  the  early  stages 
after  myocardial  ischemia,  the  molecular  mechanisms  respon¬ 
sible  for  the  observed  effects  remain  unclear. 

Do  Cardiac  Fibroblasts  in  the  Ischemic 
Myocardium  Function  as  Inflammatory  Cells? 

After  myocardial  infarction,  release  of  danger-associated  mo¬ 
lecular  patterns  activates  innate  immune  signaling  pathways 
in  several  different  cell  types,  triggering  an  intense  inhamma- 
tory  reaction.  Endothelial  cells,  leukocytes,  mast  cells,  and 
surviving  cardiomyocytes  have  been  suggested  as  likely  cel¬ 
lular  targets  of  danger-associated  molecular  patterns  released 
by  necrotic  cells  and  may  contribute  to  the  activation  of  the 
postinfarction  inhammatory  response  by  secreting  cytokines 
and  chemokines.'*”'^  Cardiac  hbroblasts  are  also  capable  of  se¬ 
creting  large  amounts  of  proinhammatory  mediators  on  stimu¬ 
lation  with  danger  signals.  Interleukin- 1  is  rapidly  released  in 
the  infarcted  myocardium  and  promotes  a  proinhammatory 
and  matrix-degrading  hbroblast  phenotype,  while  suppressing 
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a-smooth  muscle  actin  synthesis  and  inhibiting  myofibroblast 
conversion.^  Thus,  interleukin- 1  stimulation  may  delay  pre¬ 
mature  infiltration  of  the  infarct  with  matrix- synthetic  fibro¬ 
blasts,  until  the  wound  is  cleared  from  dead  cells  and  matrix 
debris.  Although  the  findings  of  this  study  are  consistent  with 
an  important  role  of  cardiac  fibroblasts  in  promoting  inflam¬ 
mation  after  myocardial  infarction,  the  protective  effects  of 
GRK2  loss  may  not  be  caused  by  direct  anti-inflammatory  ac¬ 
tions.  Fibroblast-specific  GRK2  loss  decreased  neutrophil  in¬ 
filtration  in  vivo  and  reduced  tumor  necrosis  factor-a  release 
in  vitro.  Flowever,  the  in  vivo  attenuation  of  the  inflammatory 
response  may  represent  an  epiphenomenon  reflecting  the  sig¬ 
nificant  reduction  in  infarct  size,  in  the  absence  of  a  primary 
role  of  GRK2  in  regulation  of  inflammation.  The  notion  that 
GRK2  may  be  directly  involved  in  the  activation  of  a  proin- 
flammatory  program  is  not  supported  by  studies  in  immune 
cells.  In  vivo  and  in  vitro  investigations  in  T  cells'*’  and  in 
myeloid  cells'’  suggested  that  GRK2  not  only  does  not  stimu¬ 
late  inflammatory  gene  synthesis  but  may  also  be  involved  in 
negative  regulation  of  inflammation. 

Fibroblasts  May  Regulate  Cardiomyocyte 
Survival 

A  growing  body  of  evidence  suggests  that  in  injured  and  re¬ 
modeling  hearts,  fibroblasts  critically  regulate  cardiomyocyte 
responses.  In  the  pressure-overloaded  myocardium,  activated 
fibroblasts  transduce  hypertrophic  signals'*  mediated,  at  least 
in  part,  through  secretion  of  miRNA-enriched  exosomes.'^  In 
myocardial  ischemia,  administration  of  the  secretome  of  neona¬ 
tal  cardiac  fibroblasts  before  reperfusion  significantly  reduced 
the  size  of  the  infarct.'"  The  current  investigation  suggests  that 
endogenous  fibroblast  GRK2  signaling  may  extend  ischemic 
injury,  accentuating  cardiomyocyte  apoptosis.  Several  mecha¬ 
nisms  may  account  for  the  proapoptotic  effects  of  activated  fi¬ 
broblasts  during  the  early  postischemic  phase  (Figure).  First, 
fibroblasts  may  secrete  soluble  proapoptotic  mediators,  such 
as  proinflammatory  cytokines,  thus  promoting  cardiomyocyte 
death.  Second,  fibroblasts  may  indirectly  reduce  cardiomyocyte 
survival  by  modulating  the  composition  of  the  extracellular 
matrix  through  the  secretion  of  proteases.  Protease-mediated 
degradation  of  the  pericellular  extracellular  matrix  may  deprive 
ischemic  cardiomyocytes  from  essential  prosurvival  signals. 
Third,  ischemic  fibroblasts  may  secrete  exosomes  that  activate 
proapoptotic  pathways  in  cardiomyocytes.  Final,  activation  of 
GRK2  in  ischemic  fibroblasts  may  inhibit  a  yet  unidentified 
prosurvival  mechanism  that  may  involve  fibroblast-derived  se¬ 
cretion  of  soluble  mediators  or  deposition  of  matricellular  pro¬ 
teins.  Unfortunately,  this  study  did  not  systematically  pursue 
the  mechanisms  responsible  for  these  intriguing  interactions 
between  fibroblasts  and  cardiomyocytes. 

The  Role  of  Activated  Fibroblasts  During  the 
Proliferative  Phase  of  Infarct  Healing:  Beyond 
Matrix  Synthesis 

Clearance  of  the  infarcted  heart  from  dead  cells  and  matrix 
debris  is  associated  with  the  activation  of  anti-inflammatory 
pathways,  leading  to  the  suppression  and  resolution  of  the 
inflammatory  response.’"  Although  cardiac  fibroblasts  are 


Figure.  Cardiac  fibroblasts  are  not  unidimensional  matrix- 
secreting  cells  but  exhibit  remarkable  functional  pluralism. 

After  myocardial  infarction,  release  of  danger-associated 
molecular  patterns  (DAMPs)  by  necrotic  cardiomyocytes  (CM) 
activates  a  proinflammatory  phenotype  in  fibroblasts,  inducing 
secretion  of  cytokines  and  chemokines  and  stimulating  leukocyte 
(L)  infiltration.  Moreover,  during  the  early  postischemic  period, 
fibroblasts  may  modulate  survival  pathways  in  cardiomyocytes, 
affecting  their  susceptibility  to  ischemic  death.  These  effects  may 
be  mediated  through  the  secretion  of  soluble  proapoptotic  or 
antiapoptotic  mediators  by  fibroblasts,  via  release  of  exosomes 
containing  miRNAs  or  through  modulation  of  the  extracellular 
matrix  (ECM)  by  fibroblast-derived  matrix  metalloproteinases 
(MMPs).  MMP-mediated  degradation  of  the  matrix  may  deprive 
fibroblasts  from  essential  prosurvival  signals.  Fibroblast  G  protein- 
coupled  receptor  kinase  2  {GRK2)  signaling  may  extend  ischemic 
injury  after  myocardial  infarction  through  proinflammatory  actions 
or  by  activating  a  proapoptotic  pathway  in  cardiomyocytes. 

capable  of  producing  large  amounts  of  anti-inflammatory 
cytokines,  such  as  interleukin- 10  and  transforming  growth 
factor-p,’'  whether  they  actively  participate  in  negative  regula¬ 
tion  of  the  inflammatory  response  remains  unknown.  Growth 
factor-mediated  conversion  of  fibroblasts  into  myofibroblasts 
is  associated  with  the  activation  of  a  matrix- synthetic  program 
and  secretion  of  collagens.  Deposition  of  structural  matrix 
proteins  is  the  best-documented  function  of  myofibroblasts  in 
healing  infarcts."  In  addition  to  their  role  in  scar  formation, 
infarct  myofibroblasts  may  also  serve  as  an  important  source 
of  growth  factors  and  matricellular  proteins,  regulating  the  an¬ 
giogenic  response  after  myocardial  infarction.”  Whether  the 
diverse  functions  of  infarct  fibroblasts  in  inflammation  and 
repair  reflect  the  activation  of  specific  subpopulations  remains 
unknown.  Although  several  different  developmental  sources 
of  cardiac  fibroblasts  have  been  identified  in  normal  and  in¬ 
jured  hearts,’  the  functional  properties  of  these  cells  have  not 
been  systematically  investigated.  The  inducible  collagenla2- 
Cre  driver  used  in  this  study  should  target  all  cardiac  fibro¬ 
blasts,  thus  precluding  any  conclusions  on  distinct  effects  of 
specific  subsets. 

Targeting  the  Cardiac  Fibroblast  in  the 
Infarcted  and  Remodeling  Myocardium 

The  consistent  association  between  cardiac  fibrosis  and  ad¬ 
verse  outcome  in  a  wide  range  of  cardiac  conditions  has 
suggested  that  the  fibroblast  may  be  a  promising  therapeutic 
target  in  patients  with  myocardial  infarction  or  heart  failure. 
However,  unlike  primary  fibrotic  disorders  in  other  systems 
(such  as  systemic  sclerosis  or  idiopathic  pulmonary  fibro¬ 
sis),  in  the  myocardium,  fibrotic  remodeling  often  reflects 
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a  reparative  process  that  is  activated  in  response  to  car- 
diomyocyte  injury.  In  conditions  associated  with  replace¬ 
ment  fibrosis,  such  as  myocardial  infarction,  targeting  the 
reparative  functions  of  fibroblasts  may  have  catastrophic 
consequences.  Implementation  of  therapeutic  strategies  tar¬ 
geting  fibroblasts  is  further  complicated  by  the  wide  range 
of  modulatory  functions  of  fibroblasts  on  cardiomyocyte 
hypertrophy  and  survival,  on  inflammatory  activation,  and 
on  angiogenesis.  In  vivo  dissection  of  the  diverse  actions  of 
cardiac  fibroblasts  after  injury  is  crucial  to  design  therapeu¬ 
tic  strategies  that  target  detrimental  actions,  without  inter¬ 
fering  with  protective  effects.  Moreover,  identification  and 
characterization  of  fibroblast  subsets  with  distinct  pheno¬ 
typic  characteristics  and  functional  profiles  may  explain  the 
functional  pluralism  of  fibroblasts  in  injured  and  remodel¬ 
ing  tissues. 
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Cardiac  myofibroblasts  play  an  important  role  in  myocardial  remodeling.  Although  oi-smooth  muscle  actin  (oi- 
SMA)  expression  is  the  hallmark  of  mature  myofibroblasts,  its  role  in  regulating  fibroblast  function  remains  poor¬ 
ly  understood.  We  explore  the  effects  of  the  matrbt  environment  in  modulating  cardiac  fibroblast  phenotype,  and 
we  investigate  the  role  of  a-SMA  in  fibroblast  function  using  loss-  and  gain-of-function  approaches.  In  murine 
myocardial  infarction,  infiltration  of  the  infarct  border  zone  with  abundant  oi-SMA-positive  myofibroblasts 
was  associated  with  scar  contraction.  Isolated  cardiac  fibroblasts  cultured  in  plates  showed  high  oi-SMA  expres¬ 
sion  localized  in  stress  fibers,  exhibited  activation  of  focal  adhesion  kinase  (FAK),  and  synthesized  large  amounts 
of  extracellular  matrix  proteins.  In  contrast,  when  these  cells  were  cultured  in  collagen  lattices,  they  exhibited 
marked  reduction  of  Oi-SMA  expression,  negligible  FAK  activation,  attenuated  collagen  synthesis,  and  increased 
transcription  of  genes  associated  with  matrix  metabolism.  Transforming  Growth  Factor-pl  -mediated  contraction 
of  fibroblast-populated  collagen  pads  was  associated  with  accentuated  ct-SMA  synthesis.  In  contrast,  serum-  and 
basic  Fibroblast  Growth  Factor-induced  collagen  pad  contraction  was  associated  with  reduced  a-SMA  expres¬ 
sion.  a-SMA  siRNA  knockdown  attenuated  contraction  of  collagen  pads  populated  with  serum-stimulated 
cells.  Surprisingly,  a-SMA  overexpression  also  reduced  collagen  pad  contraction,  suggesting  that  a-SMA  is  not 
sufficient  to  promote  contraction  of  the  matrix.  Reduced  contraction  by  a-SMA-overexpressing  cells  was 
associated  with  attenuated  proliferative  activity,  in  the  absence  of  any  effects  on  apoptosis.  a-SMA  may  be 
implicated  in  contraction  and  remodeling  of  the  extracellular  matrix,  but  is  not  sufficient  to  induce  contraction. 
a-SMA  expression  may  modulate  cellular  functions,  beyond  its  effects  on  contractility. 

®  2016  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  healing  tissues,  fibroblasts  acquire  a  contractile  phenotype, 
characterized  by  formation  of  microfilament  bundles,  and  by  de  novo 
expression  of  a-smooth  muscle  actin  (a-SMA).  These  activated  cells, 
termed  “myofibroblasts"  [1-7]  participate  in  the  reparative  response, 
by  secreting  large  amounts  of  extracellular  matrix  proteins  [8,9]  and 
may  be  responsible  for  contraction  of  healing  wounds  [10],  Repair  of 
injured  tissues  is  dependent  on  timely  activation  and  deactivation  of 
myofibroblasts;  prolonged  or  excessive  myofibroblast  activity  may 
result  in  fibrosis  and  organ  dysfunction  [11-13], 

The  normal  mammalian  myocardium  contains  a  large  number  of 
fibroblast-like  cells  [14-16].  In  the  absence  of  injury,  these  interstitial 
cells  remain  quiescent;  however,  a  wide  range  of  injurious  processes 
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can  induce  cardiac  fibroblast  activation.  Conversion  of  cardiac  fibroblasts 
into  activated  a-SMA-positive  myofibroblasts  is  consistently  noted  fol¬ 
lowing  myocardial  infarction,  both  in  human  patients  [17]  and  in  exper¬ 
imental  models  [18,19].  Because  the  adult  mammalian  heart  has 
negligible  regenerative  capacity,  activated  myofibroblasts  play  a  crucial 
role  in  post-infarction  cardiac  repair,  by  secreting  extracellular  matrix 
proteins,  thus  protecting  the  heart  from  catastrophic  rupture.  Moreover, 
the  capacity  of  infarct  myofibroblasts  to  contract  the  scar  may  play  an 
important  role  in  protecting  the  chamber  from  adverse  remodeling 
[20].  On  the  other  hand,  excessive  activation  of  fibroblasts  in  the  infarct- 
ed  heart  may  contribute  to  fibrosis,  increase  stiffness,  and  promote  both 
systolic  and  diastolic  dysfunction  [21,12]. 

Our  group  and  other  investigators  have  used  experimental  animal 
models  and  in  vitro  approaches  to  study  the  role  of  fibroblasts  in  the 
infarcted  and  remodeling  myocardium  [22-29],  In  vitro  studies  investi¬ 
gating  myocardial  fibrotic  responses,  have  used  either  cardiac  fibro¬ 
blasts  cultured  and  stimulated  in  plates,  or  cells  enmeshed  in  collagen 
lattices  [25,30-32].  Assessment  of  fibroblast-mediated  contraction  in 
collagen  pads  provides  a  robust  and  pathophysiologically  reievant 
model  of  fibroblast  function.  Although  a-SMA  expression  is  a  hallmark 
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of  the  mature  myofibroblast,  its  role  in  regulation  of  fibroblast  behavior 
and  function  remains  poorly  understood.  Studies  using  fibroblast- 
populated  collagen  lattices  suggested  that  a-SMA  expression  increases 
fibroblast  contractile  activity  [33],  and  plays  a  crucial  role  in  focal 
adhesion  maturation  [34],  However,  other  investigations  showed  that, 
at  a  single  cell  level,  fibroblasts  and  myofibroblasts  were  found  to 
exert  comparable  contractile  forces  [35],  Because  fibroblasts  are  highly 
dynamic  cells  [36],  interpretation  of  the  findings  derived  from  different 
in  vitro  models  requires  understanding  of  the  distinct  characteristics  of 
fibroblasts  in  each  model.  Our  study  compares  cardiac  fibroblast  pheno¬ 
type  between  the  two  models,  and  explores  the  role  of  a-SMA  in 
fibroblast-mediated  matrix  contraction. 

We  report  that,  in  both  reperfused  and  non-reperfused  mouse 
infarcts,  scar  contraction  is  associated  with  marked  infiltration  of  the 
infarct  border  zone  with  myofibroblasts.  In  vitro,  culture  of  cardiac 
fibroblasts  in  collagen  pads  markedly  suppressed  a-SMA  expression 
and  reduced  extracellular  matrix  synthesis,  while  promoting  synthesis 
of  genes  associated  with  matrix  metabolism.  Contraction  of  fibroblast- 
populated  pads  in  response  to  serum,  or  specific  growth  factors 
was  not  consistently  associated  with  upregulation  of  a-SMA.  siRNA 
knockdown  and  overexpression  experiments  demonstrated  that  a- 
SMA  is  involved  in  collagen  pad  contraction,  but  is  not  sufficient  to 
induce  contraction  of  the  matrix.  Surprisingly  a-SMA  expression 
modulated  proliferative  activity  in  cardiac  fibroblasts.  Our  findings 
highlight  the  dynamic  phenotype  of  fibroblasts  under  different 
conditions  and  suggest  that  a-SMA  may  exert  actions  independent  of 
its  effects  on  cell  contraction. 

2.  Materials  and  methods 

2.3.  Mouse  models  ofreperfused  and  non-reperfused  myocardial  infarction 

Both  male  and  female,  3-4  month  old  C57/BL6J  mice  underwent 
coronary  occlusion/reperfusion  protocols  as  previously  described 

[37] .  Mice  were  anesthetized  by  isofiurane  inhalation  (isofiurane 
2-3%  vol/vol).  Non-reperfused  myocardial  infarction  was  induced 
using  an  open  chest  model  of  permanent  left  coronary  artery  ligation 

[38] .  Reperfused  infarction  was  induced  using  a  well-characterized 
closed-chest  model  of  coronary  occlusion  and  reperfusion  [39[. 
Infarcted  hearts  (after  7  or  28  days  of  permanent  coronary  occlusion 
and  after  1  h  ischemia/7-28  days  of  reperfusion)  were  fixed  in 
formalin  and  embedded  in  paraffin. 

2.2.  Immunohistochemistry  and  histology 

Infarcted  hearts  were  sectioned  systematically  from  based  to 
apex  in  250  pm  partitions  as  previously  described  [39].  One  section 
from  each  partition  was  stained  for  sirius  red  to  identify  the  healing 
scar.  Scar  size  was  morphometrically  assessed  using  ImagePro  soft¬ 
ware  by  dividing  the  total  scar  area  to  the  total  area  of  the  left  ventri¬ 
cle  (from  all  partitions).  Myofibroblasts  in  infarcted  hearts  were 
identified,  as  spindle-shaped  cells  located  outside  the  vascular 
media  with  a-SMA  immunofluorescence  using  the  anti-a-SMA  anti¬ 
body  (1A4,  Santa  Cruz  Biotech)  and  an  Alexa-Fluor  594-labeled  sec¬ 
ondary  antibody  (Molecular  Probes).  Sections  were  counterstained 
with  DAPl. 

2.3.  Isolation  and  stimulation  of  mouse  cardiac  fibroblasts 

Cardiac  fibroblasts  were  isolated  from  C57/BL6J  animals  using  enzy¬ 
matic  digestion  as  previously  described  [40,41  [  and  were  cultured  in 
DMEM/F12  (GIBCO  Invitrogen  Corporation,  Carlsbad,  CA)  with  10% 
Fetal  Calf  Serum  (FCS).  Cells  were  serum-starved  at  passage  2  for  16  h 
and  subsequently  stimulated  with  either  10  ng/ml  or  50  ng/ml  of 
recombinant  TGF-[31  (R&D  Systems,  Minneapolis  MN)  for  4-24  h. 
Total  RNA  was  isolated  from  the  stimulated  cells  using  GeneJET  RNA 


Purification  Kit  (ThermoFisher  Scientific)  and  was  reverse  transcribed 
to  cDNA  using  the  iScript™  cDNA  synthesis  kit  (Bio-Rad)  following  the 
manufacturer’s  guidelines.  Quantitative  PCR  was  performed  using 
SsoFast™  EvaGreen®  Supermix  (Bio-Rad)  on  the  CFX384™  Real-Time 
PCR  Detection  System  (Bio-Rad).  Primers  were  synthesized  by  Integrat¬ 
ed  DNA Technologies.  The  following  genes  were  assessed:  a-SMA,  type  1 
collagen,  type  111  collagen,  matrix  metalloproteinase  (MMP)2,  MMP3, 
MMP8,  tissue  inhibitor  of  metalloproteinases  (TlMP)l,  fibronectin  and 
GAPDH.  Each  sample  was  run  In  triplicate.  For  experiments  with 
collagen  pads,  RNA  was  Isolated  from  the  stimulated  collagen  pads 
using  GeneJET  RNA  Purification  Kit  and  the  RNA  obtained  was  used  for 
quantitative  PCR  as  mentioned  above. 


2.4.  Collagen  pad  contraction  assay 

Cardiac  fibroblasts  isolated  from  adult  C57/BL6J  mice  were  cultured 
to  passage  2  and  serum-starved  overnight  (16  h).  Collagen  matrix 
was  prepared  on  ice  by  diluting  a  stock  solution  of  rat  collagen  1  (3.0 
mg/ml)  (GIBCO  Invitrogen  Corporation,  Carlsbad,  CA)  with  2X  MEM 
and  distilled  water  for  a  final  concentration  of  1  mg/ml  collagen.  Cell 
suspensions  in  2X  MEM  were  mixed  with  collagen  solution  to  achieve 
the  final  3*10^  cells/ml  concentration.  Subsequently,  500  pi  of  this  sus¬ 
pension  was  aliquoted  to  a  24-well  culture  plate  (BD  Falcon,  San  Jose, 
CA)  and  allowed  to  polymerize  at  37  °C  for  30  min.  Following  polymer¬ 
ization,  pads  were  released  from  wells,  transferred  to  6-well  culture 
plate  (BD  Falcon,  San  Jose,  CA)  and  cultured  in  0%  FCS  DMEM/F12  for 
24  h.  After  24  h,  the  pictures  of  the  plates  were  taken  in  Bio-Rad 
ChemiDoc  Imager,  and  the  area  of  each  pad  was  measured  using 
Image  Pro  software.  After  incubation,  the  pads  were  fixed  in  formalin 
and  processed  in  paraffin  for  subsequent  histological  analysis.  For 
growth  factor  stimulation  experiments,  the  collagen  pads  were 
suspended  in  either  serum  free  DMEM/F12  or  with  10%  fetal  bovine 
serum,  orTGF-(il  (1-50  ng/ml),  or  bFGF  (50  ng/ml)  for  24  h. 


2.5.  a-SMA  siRNA  knockdown  and  overexpression  experiments 

For  siRNA  knockdown,  mouse  cardiac  fibroblasts  at  passage  1 
were  seeded  at  80%  confluence  (10  cm  dishes)  in  complete  medium 
and  were  either  transfected  with  50  nM  ON-TARGET  plus  siRNA  to  a- 
SMA  or  transfected  with  a  non-silencing  control  siRNA  (Dharmacon) 
using  Lipofectamine®  3000  Reagent  (ThermoFisher  Scientific).  The 
ONTARGET  modification  is  shown  to  dramatically  decrease  the  off- 
target  effects  of  the  siRNA.  In  a  pilot  experiment  we  tested  the  effec¬ 
tiveness  of  4  different  siRNAs  in  reducing  a-SMA  protein  levels  in 
unstimulated  HT  cardiac  fibroblasts.  We  found  that  although  three 
of  the  four  siRNAs  reduced  the  expression  of  a-SMA,  only  one  of 
the  duplexes  (#4,  J-061937-12)  reduced  a-SMA  protein  expression 
by  -70%.  We  used  this  siRNA  for  all  following  in  vitro  experiments 
to  achieve  targeted  knockdown  of  a-SMA. 

The  cells  were  returned  to  a  5%  CO2  incubator  and  allowed  to  recover 
for  24  h.  After  24  h,  the  cells  were  harvested  using  TrypLE  ™  Express 
reagent,  counted  and  populated  on  collagen  pads  (3*10^  cells/ml  con¬ 
centration).  The  pads  were  either  suspended  in  serum  free  DMEM/F12 
or  stimulated  with  media  containing  10%  serum  or  10  ng/ml  TGF-[i  for 
72  h  after  which  the  pads  were  Imaged  using  Bio-Rad  ChemiDoc  Imager 
and  contraction  was  assessed  using  Image  j  software.  Cells  were  plated 
in  parallel  dishes  to  verify  knockdown  either  by  Western  blots  or  by 
fluorescence  microscopy. 

for  a-SMA  overexpression  experiments,  mouse  cardiac  fibroblasts 
at  passage  1  were  seeded  at  80%  confluence  ( 10  cm  dishes)  in  complete 
medium  and  were  either  transfected  with  2.5  ng  of  aSMA  cDNA 
(Origene  ™  Technologies)  or  transfected  with  a  control  entry  vector 
using  Lipofectamine®3000  Reagent  (ThermoFisher  Scientific).  The 
cells  were  then  processed  as  above. 
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2.6.  Immunofluorescence 

In  order  to  assess  focal  adhesion  kinase  (FAK)  activation,  cardiac  fi¬ 
broblasts  (1*10^  cells  per  well)  from  wild  type  mice  were  seeded  on 
four-well  glass  culture  slides  (BD  Falcon).  Two  days  later,  cells  were 
serum-starved  for  16  h  before  adding  different  doses  of  TGF-(i  for 
65  min.  The  cells  were  fixed  for  30  min  with  4%  paraformaldehyde 
and  processed  for  immunofluorescence  with  antibodies  recognizing 
phosphorylated  FAK  (Anti-phospho  Y397  FAK,  #ab39967.  Abeam)  and 
a-SMA  (1A4,  Santa  Cruz  Biotech),  followed  by  Alexa  Fluor  488-  or 
Alexa  Fluor  594-conjugated  secondary  antibodies  respectively.  The 
slides  were  mounted  using  VECTASHIELD  Antifade  Mounting  Medium 
with  DAPI  (#F1-1200).  Images  were  obtained  with  a  Zeiss  Axio 
Imager.MZ  microscope  and  Zeiss  AxioVision  software. 

For  the  a-SMA  knockdown,  cardiac  fibroblasts  from  wild  type  mice 
were  transfected  with  50  nM  ONTARGETplus  siRNA  to  a-SMA  or 
transfected  with  a  non-silencing  control  siRNA  (Dharmacon)  and  for 
overexpression  experiments,  cells  were  transfected  with  2.5  ng  of  a- 
SMA  cDNA  (Origene  TM  Technologies)  or  transfected  with  a  control 
entry  vector  using  Lipofectamine®3000  Reagent.  The  cells  were 
returned  to  a  5%  CO2  incubator,  allowed  to  recover  for  72  h,  then  fixed 
for  30  min  with  4%  paraformaldehyde  and  processed  for  immunofluo¬ 
rescence  with  the  anti-a-SMA  antibody. 

2.7.  Assessment  of  cell  density  and  size  in  collagen  pads 

Fibroblast-populated  collagen  pads  were  fixed  in  formalin  and  em¬ 
bedded  in  paraffin  for  histologic  analysis.  Histological  sections  from 
fibroblast-populated  pads  were  stained  with  sirius  red,  and  counter- 
stained  with  hematoxylin,  as  previously  described  [25],  to  identify  the 
fibroblasts  and  to  quantitate  their  density  and  cell  area.  For  assessment 
of  cell  density  4  random  low  power  ( 50  x )  fields  were  used  for  each  pad ; 
cell  density  was  expressed  as  the  number  of  fibroblast  profiles  per  unit 
area.  For  quantitation  of  cell  area,  we  traced  and  measured  the  area  of  30 
fibroblasts  from  each  pad  using  AxioVision  software  (Zeiss), 

2.8.  Assessment  of  fibroblast  proliferation  in  collagen  pads 

Histological  sections  from  fibroblast-populated  pads  were 
deparaffinized  in  xylene,  rehydrated  through  graded  alcohols,  and 
permeabilized  using  Triton-X  (0.1%)  at  room  temperature  for  8  min, 
followed  by  several  washes  in  PBS.  Nonspecific  antibody  binding  was 
blocked  by  incubation  for  1  h  with  1 0%  goat  serum  in  PBS.  Immunohis- 
tochemical  staining  was  performed  with  the  monoclonal  Rat  Anti- 
Mouse  Ki-67  Antibody  (Clone  TEC-3,  DAKO)  using  the  Vectastain  ABC 
kit  (Vector  laboratories).  Sections  were  developed  with  the  Vector 
Blue  Alkaline  Phosphatase  Substrate  (Vector  laboratories)  and  counter- 
stained  with  the  nuclear  Past  Red  (Sigma,  N  8002)  to  identify  nuclei. 
After  two  washes  in  distilled  water,  the  pads  were  mounted  using  an 
aqueous  mounting  medium  (Vecta  Mount  AQ;  Vector  laboratories). 
Quantitative  analysis  was  performed  by  scanning  30  random  fields  at 
400  X  magnification.  Ki-67  positive  cells  density  was  calculated  as  the 
number  of  Ki-67  positive  cells  per  unit  area. 

2.9.  Assessment  of  fibroblast  apoptosis 

Histological  sections  from  fibroblast-populated  pads  were 
deparaffinized,  rehydrated,  then  permeabilized  using  Triton-X.  Apopto- 
tic  cells  were  detected  using  the  fluorescent  TUNEL  cell  death  detection 
kit  (in  situ  cell  death  Detection  Kit-TMR  Red;  Roche).  Sections  were 
mounted  with  mounting  medium  that  contained  DAPI,  to  counterstain 
nuclei  (VECTASHIELD  Mounting  Medium  with  DAPI,  Vector  Laborato¬ 
ries).  4  random  fields  at  400  x  magnification  were  imaged  from  each 
pad,  and  the  number  of  positive  and  negative  TUNEL -F  cells  was 
counted.  The  density  of  apoptotic  cells  was  expressed  as  the  number 
of  TUNEL -F  cells  divided  per  unit  area. 


2.30.  RNA  extraction  and  qPCR 

Isolated  total  RNA  from  isolated  cardiac  fibroblasts  was  reverse 
transcribed  to  cDNA  using  the  iScript™  cDNA  synthesis  kit  (Bio-Rad) 
following  the  manufacturer’s  guidelines.  Quantitative  PCR  was 
performed  using  SsoFast™  EvaGreen®  Supermix  (Bio-Rad)  on  the 
CFX384™  Real-Time  PCR  Detection  System  (Bio-Rad).  Primers  were 
synthesized  by  Integrated  DNA  Technologies.  The  following  sets  of 
primers  were  used  in  the  study:  TlMPl  forward  GCCTGAACACTGTCTA 
CTT  reverse  TTGCTGCTGTCTGATAGTT;  MMP2  forward  TCCGaGCATC 
CAGACTT,  reverse  GGTCCTGGCAATCCCITTGTATA;  MMP3  fonvard 
ATTTGGGTTTCTCrACTT,  reverse  GAAGAACTATAAGCATCAG;  MMP8 
forward  TTAGGATGAGCCATAAGT,  reverse  TTGCTTGGTCTCTTCTAT; 
collagen  I  forward  GATACTTGAAGAATATGAAC,  reverse  AATGCTGAATC 
TAATGAA;  collagen  111  fonvard  TAaCATTCACCAGCATA,  reverse  GTAT 
AGTCTTCAGGTCrCA;  fibronectin  forward  AGACTTaCTCCTCAATG,  re¬ 
verse  ACCAAACCATAAGAACTTT;  GAPDH  forward  AACGACCCCTTCAT 
TGACCT,  reverse  CACCAGTAGACTCCACGACA. 

2.3  3.  Protein  extraction  and  western  blotting 

Mouse  cardiac  fibroblasts  were  transfected  with  either  control  non¬ 
targeting  siRNA  or  a-SMA  siRNA.  96  h  after  transfection,  cells  were 
rinsed  and  lysed  on  ice  in  standard  radioimmunoprecipitation  assay 
(RIPA)  lysis  buffer  [50mMtris-HCl  (pH  8),  150  mM  NaCI,  l%Triton  X- 
100,  0.2  mM  EDTA,  0.1%  SDS,  0.5%  sodium  deoxycholate,  2  mM 
phenylmethylsulfonyl  fluoride,  10%  protease  inhibitor  cocktail 
(Roche),  10%  phosphatase  inhibitor  cocktail  (Roche)],  and  protein 
concentrations  were  determined  with  the  BCA  Assay  Reagent  (Pierce). 
Lysates  (30  pg-50  pg)  were  subjected  to  SDS-polyacrylamide  gel  elec¬ 
trophoresis  and  transferred  onto  Immuno-Blot  polyvinylidene 
difluoride  membranes  (Bio-Rad).  The  membranes  were  blocked  [5% 
BSA  in  tris-buffered  saline  (TBS)-Tween],  incubated  with  antibodies  to 
a-SMA  (1A4,  Santa  Cruz  Biotech),  or  phosphorylated  FAK  (Anti- 
phospho  Y397  FAK,  #ab39967.  Abeam),  washed,  and  then  incubated 
with  horseradish  peroxidase  (HRP)-linked  secondary  antibody  (1% 
nonfat  milk  in  TBS-Tween  for  1  h).  Bound  antibodies  were  detected  by 
enhanced  chemiluminescence  with  SuperSignal  West  Pico  or  Femto  re¬ 
agents  (Pierce).  Signal  intensity  was  measured  with  ChemiDoc™  MP 
System  (Bio  Rad)  and  analyzed  by  Image  Lab  3.0  software  (Bio  Rad). 
Membranes  were  then  stripped  and  reprobed  with  an  antibody  against 
GAPDH  (Santa  Cmz  Biotechnology)  to  verify  equal  loading. 

2.32.  Statistical  analysis 

Data  are  expressed  as  mean  ±  SEM.  For  comparisons  of  two  groups 
unpaired,  2-tailed  Student's  t-test  using  (when  appropriate)  Welch's 
correction  for  unequal  variances  was  performed.  The  Mann-Whitney 
test  was  used  for  comparisons  between  2  groups  that  did  not  show 
Gaussian  distribution.  For  comparison  of  multiple  groups  1-way 
ANOVA  was  performed,  followed  by  t-test  corrected  for  multiple 
comparisons  (Student-Newman-Keuls).  The  Kruskal-Wallis  test, 
followed  by  Dunn's  multiple  comparison  post-test  was  used  when  one 
or  more  groups  did  not  show  Gaussian  distribution. 

3.  Results 

3.3.  Infiltration  of  the  healing  infarct  with  a-SMA-expressing 
myofibroblasts  is  associated  with  scar  contraction 

Repair  of  the  adult  mammalian  heart  is  associated  with  replacement 
of  dead  cardiomyocytes  with  a  collagen-based  scar.  We  used  quantita¬ 
tive  morphometric  analysis  of  sirius  red-stained  sections  to  study 
remodeling  of  the  scar  in  mouse  models  of  reperfused  and  non- 
reperfused  myocardial  infarction.  Reperfused  myocardial  infarction 
heals  through  formation  of  a  mid-myocardial  scar  after  7  days  of 
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reperfusion,  that  spares  subendocardial  and  subepicardial  regions  (Fig. 
lA).  After  28  days  of  reperfusion,  scar  size  is  significantly  decreased 
(Fig.  IB-C),  reflecting  scar  contraction.  Permanent  coronary  occlusion 
results  in  transmural  Infarction  of  the  same  territory  (Fig.  ID).  Scar 
size  expressed  as  a  percentage  of  the  left  ventricular  area  Is  markedly 
reduced  after  28  days  of  permanent  coronaiy  occlusion,  reflecting 
contraction  and  thinning  of  the  scar  and  progressive  hypertrophy  of 
the  non-infarcted  segments  (Fig.  lE-F).  Immunofluorescent  staining 
for  a-SMA  labels  abundant  myofibroblasts  In  the  Infarct  border  zone 
after  7  days  of  coronary  occlusion,  as  spindle-shaped  Immunoreactlve 
cells,  located  outside  the  vascular  media  (Fig.  IG).  The  number  of  a- 
SMA-F  myofibroblasts  is  reduced  after  28  days  of  coronary  occlusion 
(Fig.  IH).  In  contrast.  In  remote  myocardial  segments,  a-SMA 
immunoreactlvlty  Is  predominantly  localized  In  vascular  mural  cells 
(Fig.  11-J). 

3.2.  Fibroblasts  populating  free-floating  collagen  pads  induce  contraction 
upon  stimulation  with  serum  or  TGF-fil 

a-SMA  -F  myofibroblasts  infiltrating  the  infarct  may  be  responsible 
for  contraction  of  healing  myocardial  scars.  In  order  to  investigate 
mediators  responsible  for  fibroblast-mediated  scar  contraction,  we 
used  an  in  vitro  model,  in  which  isolated  mouse  cardiac  fibroblasts  are 
enmeshed  in  free-floating  collagen  pads.  Stimulation  with  10%  serum 
induced  marked  contraction  of  the  fibroblast-populated  pads  (Supple¬ 
mental  Fig.  lA,  B).  TGF-pi  stimulation  (1  ng/ml)  also  induced  pad 


contraction;  higher  concentrations  of  TGF-(il  (10-50  ng.ml)  did  not 
further  increase  pad  contraction  (Supplemental  Fig.  IC-D). 

3.3.  When  enmeshed  into  free-floating  collagen  pads,  cardiac  fibroblasts 
exhibit  markedly  reduced  baseline  synthesis  of  collagens  and  a-SMA  and 
decreased  FAK  activation 

Next,  we  examined  the  effects  of  culture  in  the  collagen  pad  on 
cardiac  fibroblast  morphology  and  gene  expression.  Fibroblasts  cultured 
in  the  high-tension  (HT)  environment  of  the  plate  exhibited  a  flat, 
spread  out  morphology.  Immunofluorescent  staining  showed  that 
fibroblasts  cultured  in  plates  exhibited  a-SMA  incorporation  in 
cytoskeletal  filaments  (Fig.  2A).  In  contrast,  fibroblasts  cultured  in  the 
low-tension  (LT)  environment  of  the  collagen  pad  were  elongated, 
had  dendritic  projections  and  had  low  levels  of  a-SMA  immunofluores¬ 
cence  with  punctate  cytoplasmic  localization  (Fig.  2B-C).  Comparison  of 
gene  expression  showed  that  pad  fibroblasts  had  a  markedly  lower 
expression  of  a-SMA,  collagen  1,  and  111,  when  compared  with  HT  fibro¬ 
blasts.  In  contrast,  fibronectin  mRNA  expression  was  comparable 
between  LT  and  HT  fibroblasts.  LT  fibroblasts  exhibited  markedly 
accentuated  synthesis  of  genes  associated  with  matrix  metabolism, 
showing  increased  MMP2,  MMP3,  MMP8  and  TlMPl  levels  (Fig.  2). 

Because  FAK  signaling  is  implicated  in  myofibroblast 
transdifferentiation  and  activation  [42,43],  we  compared  FAK  activi¬ 
ty  between  HT  and  LT  cells.  Western  blotting  for  p-FAK  and  immuno¬ 
fluorescence  demonstrated  that  HT  cells  had  abundant  expression  of 


Reperfused  infarction 


Fig.  1.  In  healing  mouse  infarcts,  myofibroblast  infiltration  is  associated  with  scar  contraction.  A-F:  Sirius  red  staining  was  performed  to  label  the  area  of  the  infarct  in  mice  undergoing 
reperfused  (A-C)  and  non-repeifused  infarction  protocols  (D-F)  (scalebar  =  1  mm).  Mouse  hearts  were  sectioned  at  250  pm  partitions  and  the  scar  size  was  assessed  by  measuring 
the  Sirius  red-stained  area  at  each  level.  A.  The  representative  image  shows  a  midmyocardial  scar  (arrows)  after  1  h  of  ischemia  and  7  days  of  reperfusion,  sparing  the  subendocardial 
and  subepicardial  region.  B.  After  1  h  of  ischemia  and  28  days  of  reperfusion,  there  is  marked  thinning  of  the  infarcted  area  (arrows).  C.  Quantitative  analysis  shows  a  marked 
reduction  of  scar  size  after  28  days  of  reperfusion,  reflecting  contraction  of  the  scar  (*p  <  0.05,  n  =  15-23/group).  D.  Permanent  coronary  occlusion  caused  a  transmural  infarct,  leading 
to  replacement  of  dead  cardiomyocytes  with  scar  (arrows)  in  the  entire  area  at  risk.  E.  Marked  thinning  of  the  scar  was  noted  after  28  days  of  permanent  occlusion  (arrows).  F. 
Quantitative  analysis  showed  a  50%  reduction  in  scar  size  at  the  28-day  timepoint,  reflecting  scar  contraction  (**p  <  0.01,  n  =  14/group).  G-J.  a-SMA  staining  identifies  abundant 
myofibroblasts  in  healing  myocardial  infarcts  after  7  days  of  coronary  ischemia  (arrows).  H.  Myofibroblast  density  is  markedly  reduced  after  28  days  of  ischemia,  as  the  scar  matures 
(arrows).  1-J.  In  contrast,  in  the  remodeling  non-infarcted  myocardium,  a-SMA  immunoreactivity  is  predominantly  localized  in  the  arteriolar  media  (arrowheads  - 1,  7  days  of 
ischemia;  J.  28  days  of  ischemia)  (scalebar  =  50  pm). 
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p-FAK  in  the  presence  or  absence  of  TGF-bl.  In  contrast,  LT  cells 
showed  negligible  FAK  activity  (Supplemental  Fig.  2). 

3.4.  Distinct  effects  ofTCF-fi  on  collagen  and  a-SMA  synthesis  in  HT  and  LT 
fibroblasts 

Next,  we  examined  the  effects  of  TGF-fil  stimulation  on  a-SMA  and 
collagen  mRNA  synthesis  in  HT  fibroblasts.  TGF-fil  stimulation 
(10  ng/ml)  induced  a  1.7-fold  upregulation  of  a-SMA  levels  after  4  h 
of  stimulation  and  a  3-fold  increase  after  24  h  of  stimulation  (Fig.  3A). 
Moreover,  in  HT  cells,  TGF-|31  induced  a  transient  upregulation  of 
collagen  1  and  III  mRNA  synthesis  after  4  h  of  stimulation  (Fig.  3B,  C). 
In  low-tension  cardiac  fibroblasts  both  low  (10  ng/ml)  and  high 
(50  ng/ml)  concentrations  of  TGF-p  induced  a  modest  (1.5-2.0-fold) 
upregulation  of  a-SMA  (Fig.  3D,  G),  but  did  not  affect  collagen  1  and 
collagen  III  synthesis  (Fig.  3E-F,  H-1). 

3.5.  In  LT  fibroblasts,  TGF-fil  stimulation  promotes  a  matrix-preserving 
fibroblast  phenotype 

In  LT  fibroblasts,  both  low  (10  ng/ml  -  Supplemental  Fig.  3A-D)  and 
high  (50  ng/ml  -  Supplemental  Fig.  3E-H)  TGF-(31  concentrations 
induced  a  matrix-preserving  program,  markedly  attenuating  MMP2 
(Supplemental  Fig.  3A,  E),  MMP3  (Supplemental  Fig.  3B,  F)  and  MMP8 
synthesis  (Supplemental  Fig.  3C,  G),  and  upregulating TIMPl  expression 
(Supplemental  Fig.  3D,  H). 

3.6.  Serum-induced  pad  contraction  is  associated  with  reduced  a-SMA 
mRNA  synthesis 

Stimulation  with  10%  serum  markedly  increased  contraction  of 
fibroblast-populated  collagen  pads  (Supplemental  Fig.  1).  Surprisingly, 
increased  pad  contraction  upon  serum  stimulation  was  associated 
with  reduced  a-SMA  expression  (Supplemental  Fig.  4A),  suggesting 
that  serum-induced  pad  contraction  was  not  due  to  enhanced 
myofibroblast  transdifferentiation.  Moreover,  serum  stimulation  did 
not  significantly  affect  collagen  1  and  111  synthesis  (Supplemental  Fig. 
4B-C),  but  reduced  MMP2  mRNA  expression  (Supplemental  Fig.  4D) 
and  enhanced  TIMPl  expression  levels  (Supplemental  Fig.  4G).  Serum 
had  no  significant  effects  on  transcription  of  the  collagenases  MMP3 
and  MMP8  (Supplemental  Fig.  4E,  F). 

3.7.  Basic  fibroblast  growth  factor  (bFGF) -mediated  pad  contraction  is 
associated  with  attenuated  a-SMA  synthesis 

Stimulation  with  bFGF  (50  ng/ml)  also  significantly  increased 
contraction  in  fibroblast-populated  collagen  pads  (Fig.  4A,  B).  bFGF 
stimulation  markedly  reduced  a-SMA  synthesis  in  pad  fibroblasts  (Fig. 
4C),  suggesting  that  enhanced  myofibroblast  transdifferentiation  is 
not  responsible  for  bFGF-induced  pad  contraction.  bFGF  reduced  matrix 
protein  expression  in  pad  fibroblasts,  significantly  attenuating  collagen  I 
and  collagen  III  mRNA  synthesis  (Fig.  4D,  E).  Moreover,  bFGF  stimula¬ 
tion  reduced  MMP2  (Fig.  4F)  and  MMP8  expression  (Fig.  4H)  and 
increased  TIMPl  levels  (Fig.  41),  changes  consistent  with  activation  of 
a  matrix-preserving  fibroblast  phenotype.  bFGF  had  no  effect  on 
MMP3  mRNA  expression  (Fig.  4G). 

3.8.  a-SMA  overexpression  does  not  significantly  affect  contraction  of 
fibroblast-populated  pads  upon  serum  stimulation 

a-SMA  expression  has  been  implicated  in  scar  contraction  both 
in  vivo,  and  in  fibroblast-populated  collagen  pads.  Our  experiments 
showed  that,  although  contraction  of  the  healing  infarct  is  associated 
with  infiltration  of  the  scar  with  a-SMA-expressing  myofibroblasts 
(Fig.  1 ),  pad  fibroblasts  express  low  levels  of  a-SMA,  and  accentuated 
contraction  of  pads  populated  with  serum  or  bFGF-stimulated 


fibroblasts  cannot  be  attributed  to  increased  a-SMA  levels  (Supplemen¬ 
tal  Fig.  4,  Fig.  4).  In  order  to  directly  investigate  the  potential  role  of  a- 
SMA  in  mediating  collagen  pad  contraction,  we  performed  a-SMA 
overexpression  experiments.  a-SMA-overexpressing  cells,  cultured  in 
the  high-tension  environment  of  the  plate  exhibited  increased  a-SMA 
expression,  incorporated  into  the  cytoskeletal  stress  fibers  (Fig.  5A-B). 
Surprisingly,  a-SMA  overexpression  attenuated  contraction  in  pads 
populated  by  unstimulated  cells,  and  did  not  affect  contraction  by 
serum-stimulated  fibroblasts  (Fig.  5C).  Immunofiuorescent  staining 
demonstrated  that  a-SMA-overexpressing  fibroblasts  in  collagen  pads 
exhibited  increased  cytoplasmic  and  sub-membrane  a-SMA  staining, 
in  the  absence  of  localization  in  stress  fibers  (Fig.  5D,  E). 

3.9.  In  fibroblast-populated  collagen  pads,  a-SMA  overexpression  attenu¬ 
ates  the  serum-mediated  increase  in  fibroblast  density 

In  order  to  examine  the  basis  for  the  surprising  attenuation  of  pad 
contraction  upon  a-SMA  overexpression,  we  studied  the  morphometric 
characteristics  of  a-SMA-overexpressing  fibroblasts  in  pads.  Serum 
stimulation  induced  a  marked  increase  in  cell  density;  a-SMA 
overexpression  attenuated  the  serum-mediated  increase  in  fibroblast 
density  (Supplemental  Fig.  5A,  C).  Quantitative  morphometric  analysis 
showed  that  serum  stimulation  increased  mean  cell  area;  a-SMA 
overexpression  attenuated  the  serum-induced  increase  in  cell  size 
(Supplemental  Fig.  5B,  D). 

3.10.  a-SMA  overexpression  reduces  fibroblast  proliferative  activity,  but 
does  not  affect  apoptosis 

Reduced  cell  density  in  collagen  pads  populated  with  a-SMA 
overexpressing  fibroblasts  may  be  due  to  attenuated  proliferation  or 
increased  cell  death.  In  order  to  investigate  the  effects  of  a-SMA 
overexpression  on  fibroblast  proliferation,  we  identified  proliferating 
cells  using  staining  for  Ki-67.  Sections  from  mouse  bowel  were  used 
as  a  positive  control  (Fig.  6A).  Serum  stimulation  markedly  increased 
the  number  of  proliferating  fibroblasts;  a-SMA  overexpression 
attenuated  serum-mediated  fibroblast  proliferation  (Fig.  6B-C).  In 
order  to  examine  whether  a-SMA  overexpression  affects  fibroblast 
apoptosis  we  performed  TUNEL  staining  (Fig.  6D).  Serum  stimulation 
reduced  the  number  of  apoptotic  cells  in  both  a-SMA  overexpressing 
and  control  cells.  a-SMA  overexpression  did  not  affect  the  number  of 
apoptotic  cells  (Fig.  6E-F). 

3.11.  a-SMA  knockdown  attenuates  contraction  in  fibroblast-populated 
collagen  pads  upon  serum  stimulation 

Next,  we  examined  whether  a-SMA  knockdown  affects  contraction 
of  fibroblast-populated  collagen  pads.  siRNA  knockdown  markedly 
attenuated  expression  of  a-SMA  in  fibroblasts  (Fig.  7A-C).  a-SMA 
knockdown  markedly  reduced  contraction  of  pads  populated  with 
serum-stimulated  cells,  suggesting  that  a-SMA  is  implicated  in  serum- 
induced  pad  contraction  (Fig.  7D). 

3.12.  a-SMA  knockdown  increases  cell  density  in  serum-stimulated 
collagen  pads 

Attenuated  serum-mediated  contraction  in  pads  populated  with  a- 
SMA  KD  cells  occurred  despite  a  significantly  increased  cell  density 
(Supplemental  Fig.  6A,  C).  a-SMA  KD  did  not  affect  cell  size  in 
unstimulated  and  serum-stimulated  cells  (Supplemental  Fig.  6B,  D). 

3.13.  a-SMA  knockdown  accentuates  serum-mediated  fibroblast 
proliferation  without  affecting  fibroblast  apoptosis 

l<i-67  staining  showed  that  a-SMA  knockdown  increases  baseline 
proliferative  activity  and  accentuates  serum-induced  proliferation  in 
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Fig.  2.  Comparison  of  phenotypic  characteristics  between  high-tension  (HT)  fibroblasts,  cultured  in  plates,  and  low-tension  (LT)  fibroblasts  after  24  h  in  collagen  pads.  A.  HT  and  LT  cells 
were  stained  for  a-SMA.  Immunofluorescence  shows  that  HT  fibroblasts  are  large  cells  with  incorporation  of  a-SMA  in  the  cytoskeleton  (scalebar  =  10  pm).  In  contrast,  LT  cells  in  collagen 
pads  exhibit  low  level  punctate  a-SMA  staining  (arrows).  qPCR  analysis  shows  that  HT  fibroblasts  exhibit  markedly  higher  a-SMA  (B),  collagen  1  (C)  and  111  (D)  mRNA  synthesis. 
Fibronectin  synthesis  was  comparable  between  HT  and  LT  cells  (E).  LT  cells  in  collagen  pads  exhibited  much  higher  expression  of  genes  associated  with  matrix  metabolism,  such  as 
MMP2  (F),  MMP3  (G).  MMP8  (H)  andTIMPl  (1)  (**p  <0.01,  n  =  6/group). 


HT  cells  (TGF-P1,  10ng/ml) 

a-SMA  collagen  I  collagen  III 


LT  cells  (TGF-P1,  10ng/ml) 


a-SMA  collagen  I  collagen  III 


LT  cells  (TGF-P1,  50ng/ml) 

a-SMA  collagen  I  collagen  III 


Fig.  3.  Effects  ofTGF-P)l  stimulation  on  a-SMA  and  collagen  synthesis  in  high-tension  fibroblasts  (cultured  in  plates)  and  in  low-tension  cardiac  fibroblasts  (stimulated  in  collagen  pads).  A. 
In  high-tension  cells,  TGF-l^l  (10  ng/ml)  stimulation  for  4-24  h  markedly  upregulated  a-SMA  mRNA  synthesis.  B-C.TGF-f^l  also  induced  a  transient  upregulation  of  collagen  I  (B)  and  111 
(C).  D-F.  In  low  tension  cells,  stimulation  with  low  concentration  TGF-(31  (10  ng/ml)  modestly,  but  significantly  increased  a-SMA  expression  (D),  without  affecting  collagen  1  (E)  and  111 
(F)  synthesis.  G-1.  High  concentration  TGF-f^l  (50  ng/ml)  also  upregulated  a-SMA  synthesis  (G)  in  low  tension  cells  without  affecting  collagen  I  (H)  and  111  (1)  levels  (*p  <  0.05,  **p<  0.01  vs. 
C.  n  =  6-12/group). 
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Fig.  4.  Effects  of  bFGF  on  collagen  pad  contraction  and  fibroblast  gene  expression.  A-B.  bFGF  enhanced  contraction  of  fibroblast-populated  collagen  pads  (scalebar  =  5  mm).  C.  bFGF 
stimulation  reduced  a-SMA  expression  by  cardiac  fibroblasts.  bFGF  attenuated  collagen  1  (D)  and  III  (E)  synthesis.  F.  bFGF  reduced  fibroblast  MMP2  expression.  G.  bFGF  did  not  affect 
MMP3  synthesis  (G),  but  significantly  decreased  MMP8  expression  by  cardiac  fibroblasts.  I.  bFGF  accentuated  TIMPl  expression  (**p  <  0.01,  n  =  8-14/group). 


Fig.  5.  a-SMA  overexpression  in  cardiac  fibroblasts  attenuates  baseline  pad  contraction  and  does  not  affect  serum-stimulated  contraction.  A.  Isolated  high-tension  fibroblasts  were  stained 
for  a-SMA,  phalloidin  (to  identify  F-actin  filaments)  and  DAPI.  B.  a-SMA  overexpression  markedly  increased  a-SMA  expression  and  incorporation  in  cytoskeletal  stress  fibers.  C.  a-SMA 
overexpression  (OE)  attenuated  baseline  pad  contraction,  without  affecting  serum  (S)-induced  contraction  (**p  <  0.01  vs.  control-plasmid  (Cp),  n  =  8-10/group;  '^'^p  <  0.01  vs. 
unstimulated  cells).  D.  In  collagen  pads,  cardiac  fibroblasts  exhibit  low  levels  of  a-SMA  immunoreactivity.  E.  a-SMA-overexpressing  cells  in  collagen  pads  show  high  expression  of  a- 
SMA  with  cytoplasmic  and  sub-membrane  localization  (arrows)  (scalebar  =  10  pm). 
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Fig.  6.  a-SMA  overexpression  attenuates  fibroblast  proliferation,  but  does  not  affect  apoptosis.  A-C.  l<i-67  immunohistochemistry  was  used  to  identify  proliferating  cells.  A.  Sections  from 
the  mouse  bowel  were  used  as  a  positive  control,  identifying  proliferating  epithelial  cells  in  the  base  of  intestinal  crypts  (arrows)  (scalebar  =  50  pm).  B-C.  Quantitative  analysis  of  the 
density  of  l<i-67  +  cells  in  pads  showed  that  serum  (S)  increased  the  density  of  proliferating  cells  (C-arrows)  (^p  <  0.05,  "'^p  <  0.01  vs.  control,  'p  <  0.05;  n  =  3/group).  a-SMA 
overexpression  (OE)  did  not  affect  the  baseline  density  of  proliferating  cells  (when  compared  with  control-plasmid  (Cp)  cells),  but  attenuated  semm-mediated  proliferative  activity 
(B-  scalebar  =  20  pm).  D-F.  TUNEL  staining  was  used  to  identify  apoptotic  cells  (scalebar  =  50  pm).  D.  DNAse-treated  sections  served  as  a  positive  control  (arrows).  Small  numbers  of 
apoptotic  cells  were  noted  in  control  collagen  pads  (E,  F  -  arrows).  The  density  of  apoptotic  cells  was  reduced  in  serum-stimulated  pads  ("p  <  0.05  vs.  corresponding  unstimulated 
cells,  n  =  3/group) ;  however,  a-SMA  overexpression  did  not  affect  fibroblast  apoptosis. 


cardiac  fibroblasts  (Fig.  8A-B).  TUNEL  staining  showed  that  a-SMA 
knockdown  does  not  affect  fibroblast  apoptosis  in  control  and  serum- 
stimulated  fibroblasts  (Fig.  8C-D). 

4.  Discussion 

Our  study  demonstrates  that  cardiac  fibroblasts  exhibit  dynamic 
phenotypic  alterations  in  response  to  their  microenvironment.  Culture 
of  cardiac  myofibroblasts  in  collagen  pads  causes  disassembly  of  stress 
fibers  and  markedly  reduces  a-SMA  and  collagen  synthesis,  while 
inducing  expression  of  genes  associated  with  matrix  metabolism. 
Although  a-SMA  expression  in  infarct  myofibroblasts  has  been 
implicated  in  scar  contraction,  in  free-floating  collagen  pads,  serum 


and  bFGF  induce  contraction,  despite  a  reduction  of  a-SMA  levels.  We 
also  report  that  a-SMA  expression  in  fibroblasts  is  not  sufficient  to 
induce  contraction  of  free-floating  collagen  pads,  but  may  modulate 
proliferative  activity.  Our  findings  illustrate  the  remarkable  phenotypic 
plasticity  of  cardiac  fibroblasts  and  suggest  that  a-SMA  expression  in 
myofibroblasts  may  have  effects  beyond  scar  contraction. 

4.1.  The  dynamic  changes  of  the  fibroblasts  in  healing  infarcts 

Following  myocardial  infarction,  alarmins  released  by  dying 
cardiomyocytes  trigger  an  intense  inflammatory  reaction  that  clears 
the  wound  from  dead  cells,  while  setting  the  stage  for  repair  [44], 
Secretion  of  inflammatory  mediators  and  growth  factors  induces 
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Fig.  7.  a-SMA  knockdown  attenuates  serum-mediated  collagen  pad  contraction.  sIRNA  knockdown  experiments  were  performed  to  examine  the  role  of  ct-SMA  in  contraction  of 
fibroblast-populated  collagen  pads.  A-B.  a-SMA  staining  showed  that  siRNA  knockdown  markedly  reduced  a-SMA  content  in  high-tension  cardiac  fibroblasts  (scalebar  =  10  pm).  C. 
Western  blotting  confirmed  the  reduction  of  a-SMA  expression  ("p  <  0.01  vs.,  control  siRNA,  n  =  3/group).  D.  a-SMA  knockdown  attenuated  serum  (S)-induced  contraction  of 
collagen  pads  (‘p  <  0.05  vs.  Csi  -I-  S,  n  =  3-6/group). 


sequential  phenotypic  alterations  in  cardiac  fibroblasts  that  contribute 
to  the  infiammatory  and  reparative  response.  During  the  early  hours 
after  infarction,  cardiac  fibroblasts  may  acquire  a  pro-inflammatory 
and  matrix-degrading  phenotype,  serving  as  an  important  source  of 
cytokines,  chemokines  and  proteases,  and  mediating  leukocyte  infiltra¬ 
tion  [41  ].  In  the  inflammatory  environment  of  the  infarct,  Interleukin 
(IL)-l  induces  MMP  expression  and  reduces  fibroblast  a-SMA  synthe¬ 
sis,  delaying  myofibroblast  transdifferentiation  until  the  wound  is 
cleared  from  dead  cells  and  matrix  debris  [41],  Clearance  of  apoptotic 
cells  and  matrix  fragments  by  professional  phagocytes  is  associated 
with  release  of  anti-inflammatory  mediators  (such  as  TGF-(i),  and 
with  suppression  of  pro-inflammatory  cytokine  synthesis.  In  the  infarct 
border  zone,  release  of  bioactive  TGF-(i  co-operates  with  specialized 
matrix  proteins,  triggering  conversion  of  fibroblasts  into  myofibroblasts 
[40,45],  Activated  myofibroblasts,  the  main  matrix-producing  cells  in 
the  healing  infarct  [46[,  express  large  amounts  of  a-SMA  (Fig.  1). 
Because  of  its  abundant  expression  in  infarct  myofibroblasts  and  its 
known  contractile  properties,  a-SMA  has  been  suggested  as  a  crucial 
mediator  in  contraction  and  remodeling  of  the  healing  scar  [33[. 

4.2.  Culture  in  a  collagen  lattice  alters  the  phenotypic  characteristics  of 
cardiac  fibroblasts 

Mechanical  tension  and  changes  in  the  composition  of  the  surround¬ 
ing  extracellular  matrix  play  important  roles  in  modulating  the  pheno¬ 
typic  and  functional  characteristics  of  fibroblasts  [47,48],  Our  findings 
highlight  the  pronounced  effects  of  the  matrix  environment  on  fibro¬ 
blast  phenotype.  In  culture  plates,  a  large  number  of  cardiac  fibroblasts 
undergo  myofibroblast  transdifferentiation,  forming  stress  fibers 
decorated  by  a-SMA.  In  contrast,  when  cardiac  fibroblasts  are  cultured 
in  collagen  pads,  they  acquire  a  round,  or  dendritic  morphology  and 
express  low  levels  of  a-SMA  (<5%  of  the  levels  in  high-tension 
fibroblasts),  exhibiting  disassembly  of  the  stress  fibers  (Fig.  2A-B). 
Activation  of  FAK  signaling  may  be  implicated  in  acquisition  of  a 
myofibroblast  phenotype  in  ceils  cultured  in  plates  [49]  (Supplemental 
Fig.  2).  In  contrast,  in  the  low  tension  environment  of  the  collagen  pad 
FAK  activity  is  markedly  suppressed. 


Moreover,  pad  fibroblasts  synthesize  much  lower  amounts  of  colla¬ 
gen  I  and  III,  but  exhibit  high  level  synthesis  of  genes  involved  in  matrix 
metabolism,  such  as  MMPs  and  TlMPs  (Fig.  2C-I).  Thus,  high  tension  fi¬ 
broblasts  resemble  activated  myofibroblasts  in  healing  infarcts,  whereas 
pad  fibroblasts  have  characteristics  similar  to  the  quiescent  interstitial 
populations  residing  in  normal  myocardium.  The  two  distinct  models 
of  cardiac  fibroblast  culture  provide  complementary  information 
regarding  the  properties  of  fibroblasts  in  homeostasis  and  disease. 

4.3.  Contraction  of  fibroblast-populated  pads  is  not  associated  with 
Increased  a-SMA  expression 

When  populated  with  fibroblasts,  collagen  pads  contract 
recapitulating  scar  contraction  following  myocardial  infarction.  Colla¬ 
gen  pad  contraction  is  accentuated  when  the  cells  are  stimulated  with 
serum,  or  with  the  growth  factors  TGF-(il  and  bFGF  (Supplemental 
Fig.  1,  Fig.  4).  Known  associations  between  myofibroblast  phenotype 
and  contractile  activity  suggest  that  increased  expression  of  a-SMA, 
the  predominant  contractile  protein  expressed  by  myofibroblasts,  may 
be  involved  in  pad  contraction  [33],  Surprisingly,  our  findings  do  not 
support  this  notion.  Increased  pad  contraction  is  not  consistently  associ¬ 
ated  with  higher  levels  of  a-SMA  expression  by  fibroblasts.  Although  in 
TGF-fi-stimuIated  cells,  increased  a-SMA  levels  were  associated  with 
accentuated  pad  contraction  (Supplemental  Fig.  1,  Fig.  3),  serum  and 
bFGF  stimulation  induced  collagen  contraction,  despite  a  significant 
reduction  in  a-SMA  synthesis  (Supplemental  Fig.  1,  Supplemental  Fig. 
4.  Fig.  4). 

4.4.  Effects  of  a-SMA  knockdown  on  contraction  of  fibroblast-populated 
pads 

In  order  to  directly  examine  whether  a-SMA  expression  mediates 
contraction  of  fibroblast-populated  collagen  pads,  we  performed 
siRNA  knockdown  experiments.  a-SMA  knockdown  attenuated  con¬ 
traction  of  serum-stimulated  collagen  pads  (Fig.  7).  The  finding  may  re¬ 
flect  loss  of  early  myofibroblast-induced  contraction  upon  a-SMA 
downmodulation.  Before  placement  in  the  pads,  cardiac  myofibroblasts 
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Fig.  8.  a-SMA  knockdown  increased  fibroblast  proliferation,  but  had  no  effects  on  apoptosis.  A-B.  l<i-67  staining  was  used  to  identify  proliferating  cells  (scalebar  =  20  pm).  Serum 
stimulation  (S)  markedly  increased  cell  proliferation  (^''p  <  0.01  vs.  corresponding  controls);  a-SMA  siRNA  knockdown  accentuated  proliferative  activity  ('p  <  0.05,  "p  <  0.01  vs. 
corresponding  controls).  C-D.  TUNEL  staining  was  used  to  assess  apoptosis  (scalebar  =  50  pm).  Serum  stimulation  decreased  the  density  of  apoptotic  cells  ("'p  <  0.05  vs.  control); 
however  a-SMA  SiRNA  knockdown  did  not  affect  fibroblast  apoptosis  (n  =  3-6/group). 


exhibit  high  leveis  of  a-SMA  expression  that  may  be  responsible  for 
early  contraction  of  the  pad,  until  levels  are  suppressed  in  the  low 
tension  environment  of  the  collagen  lattice.  Surprisingly,  a-SMA  knock¬ 
down  accentuated  proliferative  activity,  without  affecting  apoptosis 
(Fig.  8).  Thus,  reduced  contraction  upon  a-SMA  knockdown  occurred 
despite  an  increase  in  the  number  of  cells  populating  the  pad. 

4.5.  a-SMA  overexpression  is  not  sufficient  to  induce  collagen  pad 
contraction,  but  reduces  proliferative  activity 

We  reasoned  that,  although  a-SMA  may  not  be  the  only  factor 
mediating  collagen  contraction  in  fibroblast-populated  pads,  forced 
overexpression  of  a-SMA  in  fibroblasts  may  be  sufficient  to  promote 
contraction.  Surprisingly,  increased  a-SMA  expression  in  cardiac 
fibroblasts  attenuated  contraction  of  collagen  pads  populated  with 
unstimulated  cells,  and  had  no  effects  on  pads  containing  serum- 
stimulated  fibroblasts  (Fig.  5).  The  failure  of  a-SMA  overexpression  to 
induce  contraction  may  be  explained  by  the  absence  of  a-SMA  incorpo¬ 
ration  into  stress  fibers  in  cells  populating  the  pads.  In  the  low  tension 
environment  of  the  collagen  pad,  fibroblasts  do  not  exhibit  stress  fibers; 
overexpressing  cells  exhibit  punctate  cytoplasmic  and  sub-membrane 
a-SMA  localization  (Fig,  5D-E)  that  would  not  be  expected  to  accentu¬ 
ate  contractile  force.  Our  findings  suggest  that  a-SMA  overexpression  is 


not  sufficient  to  increase  fibroblast-mediated  matrix  contraction;  this 
process  may  require  expression  of  other  contractile  proteins,  or 
activation  of  signaling  pathways  necessary  for  preservation  of  stress 
fibers  and  for  incorporation  of  a-SMA  into  the  stress  fibers  [50,51]. 
Moreover,  the  observed  inhibitoi'y  effects  of  a-SMA  overexpression  on 
pad  contraction  may  reflect  changes  in  proliferative  activity  of  the 
cells.  Reduced  serum-induced  fibroblast  proliferation  in  a-SMA- 
overexpressing  cells  (Fig.  6)  may  be  responsible,  at  least  in  part,  for 
attenuated  pad  contraction. 

4.6.  a-SMA  as  a  modulator  of  fibroblast  phenotype 

In  addition  to  its  known  role  as  a  regulator  of  contractile  activity,  a- 
SMA  may  exert  additional  actions,  modulating  pathways  critical  for 
cellular  responses.  Associative  studies  have  suggested  that  high  a- 
SMA  expression  may  mark  a  fibroblast  subtype  with  a  higher  capacity 
to  remodel  the  extracellular  matrix  [52].  Whether  this  is  due  to  direct 
actions  of  a-SMA,  or  represents  an  epiphenomenon  is  unclear.  Experi¬ 
ments  investigating  the  effects  of  a-SMA  expression  on  fibroblast 
migration  have  produced  conflicting  results.  Lung  fibroblasts  expressing 
large  amounts  of  a-SMA  exhibited  increased  migratoiy  activity  towards 
fibronectin  [53].  However,  other  studies  demonstrated  that  fibroblast 
strains  with  increased  a-SMA  expression  had  reduced  migratory 
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capacity  and  that  a-SMA  knockdown  increased  cell  motility  [54],  a- 
SMA  has  been  implicated  in  activation  of  mechanosensitive  signaling 
pathways.  Filamentous  a-SMA  activates  Mitogen  Activated  Protein 
Kinase  (MARK)  signaling,  and  cells  overexpressing  a-SMA  exhibit 
accentuated  tensile  force-induced  activation  of  p38  [55],  In  embryonic 
stem  cells,  a-SMA  expression  may  regulate  cell  fate  [56],  In  mesenchy¬ 
mal  stromal  cells,  a-SMA  overexpression  reduced  adipogenic  potential 
by  inducing  Yes-associated  protein  (YAP)/transcriptional  coactivator 
with  PDZ-binding  motif  (TAZ)  nuclear  localization  [57],  Because 
overactive  YAP/TAZ  signaling  is  associated  with  a  proliferative 
phenotype  [58],  activation  of  this  pathway  may  not  explain  our 
observed  effects  of  a-SMA  overexpression  on  cardiac  fibroblast 
proliferation.  The  potential  significance  of  cytoplasmic  a-SMA  expres¬ 
sion  in  the  absence  of  stress  fiber  localization  remains  unclear. 

4.7.  In  vivo  actions  of  a-SMA 

Information  on  the  role  of  a-SMA  expression  by  activated 
myofibroblasts  in  vivo  remains  limited.  In  a  model  of  cutaneous  injury, 
mice  with  global  loss  of  a-SMA  had  delayed  contraction  and  immature 
organization  of  cutaneous  wounds  [59].  Whether  these  defects  result 
from  impaired  myofibroblast  transdifferentiation,  or  reflect  actions  of 
a-SMA  in  vascular  cells  and  wound  angiogenesis  or  vascular  maturation 
remains  unknown.  In  vivo  approaches  specifically  targeting  a-SMA 
expression  in  myofibroblasts  are  needed  to  dissect  the  potential  role 
of  a-SMA  expression  in  fibroblast  activation  and  function. 
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The  cardiac  extracellular  matrix  (ECM)  not  only  provides  mechanical  support,  but  also  transduces  essential  molecular  signals 
in  health  and  disease.  Following  myocardial  infarction,  dynamic  ECM  changes  drive  inflammation  and  repair.  Early  generation 
of  bioactive  matrix  fragments  activates  proinflammatory  signaling.  The  formation  of  a  highly  plastic  provisional  matrix 
facilitates  leukocyte  infiltration  and  activates  infarct  myofibroblasts.  Deposition  of  matricellular  proteins  modulates  growth 
factor  signaling  and  contributes  to  the  spatial  and  temporal  regulation  of  the  reparative  response.  Mechanical  stress  due  to 
pressure  and  volume  overload  and  metabolic  dysfunction  also  induce  profound  changes  in  ECM  composition  that  contribute 
to  the  pathogenesis  of  heart  failure.  This  manuscript  reviews  the  role  of  the  ECM  in  cardiac  repair  and  remodeling  and 
discusses  matrix-based  therapies  that  may  attenuate  remodeling  while  promoting  repair  and  regeneration. 


Introduction 

The  mammalian  myocardium  comprises  cardiomyocytes  and 
large  populations  of  interstitial  noncardiomyocytes  (1)  enmeshed 
within  an  intricate  network  of  extracellular  matrix  (ECM)  proteins. 
In  health,  the  cardiac  ECM  does  not  simply  serve  as  a  mechanical 
scaffold,  but  may  also  transduce  signals  that  are  important  for  cell 
survival  and  function.  Most  cardiac  pathologic  conditions  are  asso¬ 
ciated  with  expansion  of  the  cardiac  interstitial  matrix  and  with 
marked  alterations  in  its  composition  (2,  3);  these  changes  perturb 
cardiac  systolic  and  diastolic  function.  In  myocardial  infarction, 
sudden  death  of  up  to  a  billion  cardiomyocytes  overwhelms  the 
extremely  limited  regenerative  capacity  of  the  adult  mammalian 
heart.  As  a  result,  the  infarcted  ventricle  heals  through  activation 
of  a  superbly  orchestrated  cellular  response  that  clears  the  wound 
of  dead  cells  and  matrix  debris,  ultimately  leading  to  formation  of 
a  collagen-based  scar  (4).  In  conditions  associated  with  pressure 
or  volume  overload,  dynamic  alterations  in  the  ECM  network 
may  affect  cardiomyocyte  survival  and  may  regulate  the  response 
of  interstitial  cells  to  mechanical  stress.  Metabolic  diseases  are 
also  associated  with  profound  alterations  in  the  composition  of 
the  cardiac  ECM  that  contribute  to  the  pathogenesis  of  diastolic 
dysfunction  and  may  suppress  the  myocardial  reparative  reserve. 
Despite  increased  recognition  of  its  role  in  mediating  cell  bio¬ 
logical  responses,  the  contribution  of  the  ECM  in  cardiac  patho¬ 
physiology  remains  underappreciated.  This  Review  discusses  the 
dynamic  alterations  of  the  ECM  following  cardiac  injury  and  their 
contribution  to  cardiac  remodeling  and  function. 

The  ECM  network  in  the  normal  mammalian  heart 

The  myocardial  matrix  network  comprises  primarily  fibrillary  col¬ 
lagen  that  is  organized  on  three  interconnected  levels:  the  endo- 
mysium  surrounds  individual  cardiomyocytes,  the  perimysium 
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defines  major  bundles,  and  the  epimysium  encases  the  entire 
cardiac  muscle  (5,  6).  In  all  mammalian  species  studied  to  date, 
type  I  collagen  is  the  major  structural  component  of  the  cardiac 
interstitium,  accounting  for  approximately  85%  to  90%  of  the  col¬ 
lagenous  matrix  (7),  and  is  predominantly  localized  in  the  epimy¬ 
sium  and  perimysium.  In  contrast,  type  III  collagen  represents  5% 
to  11%  of  total  myocardial  collagen  and  is  more  prominent  in  the 
endomysium  (7-9).  In  addition  to  collagens,  the  cardiac  ECM  also 
contains  fibronectin,  glycosaminoglycans,  and  proteoglycans,  and 
it  serves  as  a  reservoir  for  growth  factors  and  proteases,  which  are 
stored  in  the  normal  matrix  and  can  be  activated  following  injury. 
Although  the  role  of  the  matrix  network  in  providing  structural 
support,  preserving  ventricular  geometry,  and  facilitating  force 
transmission  is  intuitive,  the  collagen-based  cardiac  matrix  also 
transduces  key  signals  necessary  for  survival  and  function  of  both 
cardiomyocytes  and  noncardiomyocytes.  The  molecular  pathways 
responsible  for  the  interactions  between  matrix  proteins  and  the 
cellular  elements  in  normal  hearts  remain  poorly  understood. 

Alterations  of  the  ECM  network  following 
myocardial  infarction 

Repair  of  the  infarcted  myocardium  can  be  divided  into  three  dis¬ 
tinct  but  overlapping  phases:  the  inflammatory  phase,  the  prolifer¬ 
ative  phase,  and  the  maturation  phase  (10).  In  all  three  phases  of 
infarct  healing,  the  dynamic  changes  in  the  composition  of  the  ECM 
play  a  critical  role  in  regulation  of  the  cellular  responses  that  medi¬ 
ate  cardiac  repair  (11).  During  the  inflammatory  phase,  early  deg¬ 
radation  of  matrix  proteins  generates  bioactive  fragments  (termed 
matrikines)  that  may  contribute  to  activation  of  inflammatory  and 
reparative  cascades  (Figure  1).  Moreover,  formation  of  a  provi¬ 
sional  matrix  network  derived  from  extravasated  plasma  proteins 
serves  as  a  highly  plastic  conduit  for  infiltrating  inflammatory  cells. 
Removal  of  dead  cells  and  matrix  debris  by  professional  phagocytes 
induces  release  of  antiinflammatory  mediators,  marking  the  tran¬ 
sition  to  the  proliferative  phase  of  cardiac  repair.  At  this  stage,  the 
ECM  is  enriched  through  induction  and  deposition  of  matricellular 
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Figure  1.  The  ECM  during  the  infiammatory  phase  of  cardiac  repair.  (A)  Cardiomyocyte  necrosis  is  associated  with  induction  and  activation  of  proteases 
in  the  infarcted  region.  Activated  proteases  cause  fragmentation  of  the  native  ECM,  resulting  in  release  of  matrikines,  bioactive  peptides  that  activate  an 
inflammatory  macrophage  phenotype  and  may  also  modulate  responses  of  fibroblasts  and  vascular  endothelial  cells.  The  effects  of  MMPs  in  the  ischemic 
and  infarcted  myocardium  are  not  limited  to  the  ECM.  MMPs  may  modulate  inflammatory  and  reparative  responses  by  processing  cytokines  and  chemok- 
ines.  They  may  also  inhibit  chemokine  actions  by  degrading  glycosaminoglycan-binding  sites  and  mediate  dysfunction  by  targeting  intracellular  proteins. 
Increased  vessel  permeability  in  the  infarcted  region  results  in  extravasation  of  plasma  proteins,  such  as  fibrinogen  and  fibronectin.  Accumulation  of 
these  proteins  in  the  infarcted  region  forms  a  provisional  matrix  that  serves  as  a  scaffold  for  infiltrating  leukocytes.  Fibrin  and  fibronectin  modulate  the 
phenotype  of  immune  and  reparative  cells  through  integrin-mediated  actions.  (B)  Fibrinogen/fibrin  staining  using  a  peroxidase-based  technique  (black) 
illustrates  the  formation  of  the  provisional  fibrin-based  matrix  network  (indicated  by  arrows)  in  the  infarcted  canine  myocardium  (one  hour  ischemia 
followed  by  seven  days  reperfusion).  Counterstained  with  eosin.  Scale  bar:  50  pm.  Reproduced  with  permission  from  the  FASEB Journal  (155). 


proteins,  defined  as  extracellular  macromolecules  that  do  not  serve 
a  primary  structural  role,  but  modulate  cellular  phenotype,  activate 
proteases  and  growth  factors,  and  transduce  signaling  cascades  (12, 
13).  Activated  myofibroblasts  are  the  dominant  cells  during  the  pro¬ 
liferative  phase  of  cardiac  repair  and  deposit  large  amounts  of  struc¬ 
tural  ECM  proteins.  Finally,  during  the  maturation  phase,  crosslink¬ 
ing  of  the  ECM,  fibroblast  quiescence,  and  vascular  maturation  lead 
to  formation  of  a  stable  collagen-based  scar. 


ECM  during  the  inflammatory  phase  of 
cardiac  repair 

Activation  of  matrix  metalloproteinases.  Myocardial  ischemia  caus¬ 
es  rapid  activation  of  latent  matrix  metalloproteinases  (MMPs) 
and  subsequent  generation  of  matrix  fragments  (14,  15).  MMP 
activation  is  detected  in  the  cardiac  interstitium  as  early  as  ten 
minutes  after  coronary  occlusion  (16),  before  any  evidence  of  irre¬ 
versible  cardiomyocyte  injury,  and  may  be  driven  by  ischemia- 
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mediated  ROS  generation  (17).  Cardiomyocyte  necrosis  accentu¬ 
ates  the  matrix-degrading  response.  Large  amounts  of  MMPs  are 
synthesized  de  novo  by  ischemic  cardiomyocytes,  fibroblasts,  endo¬ 
thelial  cells,  and  inflammatory  leukocytes  that  infiltrate  the  infarct 
(18).  Both  collagenases  (e.g.,  MMPl)  and  gelatinases  (MMP2  and 
MMP9)  are  upregulated  in  the  infarcted  myocardium  (19). 

It  should  be  emphasized  that  the  actions  of  MMPs  are  not  lim¬ 
ited  to  effects  on  the  ECM.  MMPs  regulate  inflammatory  responses 
through  proteolytic  processing  of  cytokines,  chemokines,  and  growth 
factors  (20-24)  or  by  degrading  glycosaminoglycan  binding  sites, 
thus  interfering  with  a  molecular  step  that  is  critical  for  chemokine 
immobilization  on  the  endothelial  cell  surface  and  subsequent  inter¬ 
action  with  leukocytes  (25).  MMPs  also  have  intracellular  targets, 
degrading  cardiomyocyte  proteins,  such  as  myosin,  a-actinin,  and 
titin  (26-28).  The  relative  significance  of  the  matrix-independent 
actions  of  MMPs  in  the  pathogenesis  of  ischemic  dysfunction  and 
postinfarction  remodeling  remains  unknown. 

Generation  of  matrikines.  In  injured  and  remodeling  tissues, 
protease-mediated  fragmentation  of  matrix  proteins  results  in 
generation  of  matrikines  (29-32).  Elastin  fragments  and  colla¬ 
gen-derived  peptides  are  the  best-studied  matrikines  and  have 
been  implicated  in  activation  of  immune  cells  and  fibroblasts 
(29,  33).  The  collagen-derived  tripeptide  proline-glycine-proline 
(PGP)  and  its  acetylated  form  have  been  demonstrated  as  acting 
as  neutrophil  chemoattractants  in  models  of  pulmonary  inflam¬ 
mation,  signaling  through  activation  of  the  chemokine  receptor 
CXCR2  (34).  PGP  generation  requires  activation  of  a  multistep 
cascade  that  involves  MMP8,  MMP9,  and  prolyl  endopeptidase 
(35).  Proteolytic  processing  of  laminins  by  MMP2  and  MMP14  has 
also  been  demonstrated  as  yielding  fragments  with  potent  neutro¬ 
phil  chemoattractant  properties  (36). 

Although  the  rapid  activation  of  MMPs  in  the  infarct  is  asso¬ 
ciated  with  matrix  fragmentation,  the  role  of  these  fragments  as 
bioactive  proinflammatory  matrikines  has  not  been  documented. 
In  experimental  models,  release  of  type  I  collagen  fragments  in 
the  semm  has  been  documented  within  30  minutes  after  coronary 
occlusion  (37).  Fragmentation  of  components  of  the  basement 
membrane,  such  as  collagen  IV,  and  of  noncollagenous  matrix 
constituents  has  also  been  demonstrated  in  the  infarcted  myocar¬ 
dium  (38-41).  Low-molecular  weight  hyaluronan  fragments  exert 
potent  proinflammatory  actions  in  the  infarcted  region;  impaired 
clearance  of  these  fragments  has  been  shown  to  prolong  and 
accentuate  proinflammatory  signaling  in  leukocytes  and  vascu¬ 
lar  cells  (42,  43).  Matrix  fragments  may  also  modulate  fibroblast 
and  vascular  cell  phenotype  (44).  Endostatin,  a  20-kDa  fragment 
of  collagen  XVIII,  exerts  potent  angiostatic  actions  (45)  and  stim¬ 
ulates  fibroblast  proliferation  (46).  MMP9-mediated  cleavage  of 
collagen  IV  also  generates  fragments  with  angiostatic  properties, 
such  as  tumstatin  (47).  The  role  of  endogenous  matrix  fragments 
in  regulation  of  fibrogenic  and  angiogenic  responses  following 
myocardial  infarction  remains  poorly  understood. 

The  plasma-derived  provisional  matrix  regulates  the  inflammato¬ 
ry  response.  Degradation  of  the  original  cardiac  matrix  network  in 
the  infarcted  myocardium  is  accompanied  by  formation  of  a  provi¬ 
sional  matrix  (39).  Rapid  induction  of  VEGF  in  the  infarcted  heart 
increases  vascular  permeability  (48),  leading  to  extravasation  of 
plasma  fibrinogen  and  fibronectin  and  generating  a  complex  and 


dynamic  fibrin-based  matrix  network  (39, 49).  The  role  of  the  pro¬ 
visional  matrix  in  regulating  cardiac  repair  remains  poorly  under¬ 
stood;  current  concepts  are  predominantly  based  on  extrapolation 
of  findings  from  studies  that  investigate  reparative  responses  in 
other  systems.  In  addition  to  its  hemostatic  role,  the  provisional 
matrix  may  serve  as  a  scaffold  for  migrating  inflammatory  cells 
and  support  proliferating  endothelial  cells  and  fibroblasts  (50). 
Gomponents  of  the  provisional  matrix  interact  with  migrating 
cells  through  cell  surface  integrins  (51)  and  may  also  transduce 
signaling  cascades  that  modulate  immune  cell  phenotype  and 
gene  expression  (52).  In  vitro,  fibrinogen  stimulates  macrophage- 
derived  chemokine  secretion  through  TLR4  activation  (53). 

In  a  mouse  model  of  reperfused  myocardial  infarction, 
fibrin-mediated  interactions  contributed  to  early  injury  by  accen¬ 
tuating  the  inflammatory  response  (54).  Treatment  with  a  nat¬ 
urally  occurring  peptide  that  competes  with  the  fibrin  fragment 
N-terminal  disulfide  knot-II  (an  analog  of  the  fibrin  El  fragment) 
for  binding  to  vascular  endothelial  cadherin  reduced  infarct  size, 
attenuating  leukocyte  infiltration  in  the  ischemic  myocardium 
in  both  rodent  and  large  animal  models  (54,  55).  Unfortunately, 
the  effects  of  the  peptide  in  a  small  clinical  trial  were  much  less 
impressive.  Peptide  administration  in  patients  with  ST-elevation 
myocardial  infarction  (STEMI)  did  not  affect  the  size  of  the  infarct 
assessed  through  magnetic  resonance  imaging  and  did  not  reduce 
serum  troponin  I  levels  (56). 

The  provisional  matrix  may  also  play  an  important  role  in  the 
transition  to  the  proliferative  phase  of  cardiac  repair  by  serving  as 
a  reservoir  for  cytokines  and  growth  factors.  The  heparin-binding 
domain  of  fibrin  binds  to  a  wide  range  of  growth  factors,  includ¬ 
ing  members  of  the  PDGF,  FGF,  VEGF,  and  TGF  families  (57),  that 
may  activate  reparative  fibroblasts  and  vascular  cells. 

ECM  during  the  proliferative  phase  of 
infarct  healing 

Dynamic  changes  in  the  composition  of  the  EGM  may  contribute 
to  the  reparative  cellular  responses  during  the  proliferative  phase 
of  cardiac  repair  (Figure  2).  Glearance  of  matrix  fragments  by 
phagocytes  may  activate  antiinflammatory  signals,  suppressing 
recmitment  of  proinflammatory  leukocytes.  Lysis  of  the  plas¬ 
ma-derived  provisional  matrix  is  followed  by  organization  of  a 
cell-derived  matrix  network,  comprising  cellular  fibronectin,  hyal¬ 
uronan,  proteoglycans,  and  a  wide  range  of  matricellular  macro¬ 
molecules  (39)  that  transduce  growth  factor  signals  to  reparative 
cells  (58).  The  dynamic  alterations  of  the  EGM  during  the  prolifer¬ 
ative  phase  provide  essential  signals  for  conversion  of  fibroblasts 
into  myofibroblasts  and  may  activate  angiogenic  pathways  nec¬ 
essary  for  neovessel  formation,  thus  supplying  the  metabolically 
active  wound  with  oxygen  and  nutrients  (11). 

Fibrin  network  clearance  and  cell-derived  provisional  matrix  for¬ 
mation.  In  healing  wounds,  the  plasma-derived  EGM  is  cleared 
through  extracellular  proteolysis  by  fibrinolytic  enzymes  (59)  and 
through  endocytosis  by  GGR2+  macrophages  (60).  In  the  healing 
infarct,  clearance  of  the  fibrin-based  provisional  matrix  by  the 
plasminogen/plasmin  system  is  an  important  part  of  the  reparative 
response.  Mice  lacking  plasminogen  exhibited  markedly  atten¬ 
uated  recruitment  of  inflammatory  leukocytes  in  the  infarct  and 
impaired  granulation  tissue  formation  (61).  Lysis  of  the  fibrin-based 


JCI 


1602 


jci.org  Volume  127  Numbers  May  2017 


Downloaded  from  http://www.jci.org  on  May  2,  2017.  https://doi.0rg/IO.l  172/JCI87491 

The  Journal  of  Clinical  Investigation  REVIEW 


Fibroblast  Macrophage 

I  I 


Cell-derived  provisional  matrix 
(fibronectin.  hyaluronan, 
other  GAGs) 

Matricellular  proteins_ 

I  Osteo9iycin~|  (  TSPs~j 


Perlostin 


D 


SPARC 


TNC 


c 


CCNs 


B 


structural  matrix  assembly 
Angiogenesis 
Fibrogenesis 
Cardiomyocyte  survival 
Growth  factor  signaling 
Inflammation  regulation 

Figure  2.  The  role  of  the  cell-derived  provisional  matrix  in  cardiac  repair.  (A)  During  the  proliferative 
phase  of  cardiac  repair,  fibroblasts  and  macrophages  contribute  to  the  formation  of  a  cell-derived 
provisional  matrix,  enriched  with  a  wide  range  of  matricellular  macromolecules  that  do  not  serve  a 
primary  structural  role,  but  modulate  cellular  phenotype  and  function.  Specialized  matrix  proteins 
(such  as  ED-A  domain  fibronectin)  and  matricellular  proteins,  such  as  TSPs,  tenascin-C  (TNC),  osteo- 
pontin  (OPN),  SPARC,  periostin,  osteoglycin,  and  members  of  the  CCN  family,  bind  to  the  matrix  and 
modulate  growth  factor  and  protease  activity.  Specific  matricellular  proteins  have  been  reported  as 
regulating  inflammation,  participating  in  fibrogenic  and  angiogenic  responses,  modulating  cardio¬ 
myocyte  survival,  and  contributing  to  assembly  of  the  structural  matrix.  (B)  Matricellular  proteins 
may  be  critical  in  spatial  and  temporal  regulation  of  growth  factor  signaling.  Immunohistochemical 
staining  using  a  peroxidase-based  technique  (black)  shows  the  strikingly  selective  localization  of  the 
prototypical  matricellular  protein  TSP1  (arrows),  a  critical  activator  of  TCF-p,  in  the  border  zone  of  a 
healing  canine  myocardial  infarction  (one  hour  ischemia  followed  by  seven  days  reperfusion).  Spa¬ 
tially  and  temporally  restricted  induction  of  matricellular  proteins  regulates  growth  factor  signaling, 
preventing  expansion  of  profibrotic  responses  beyond  the  infarcted  area,  despite  possible  diffusion 
of  the  soluble  mediators  in  viable  segments.  Counterstained  with  eosin.  Reproduced  with  permission 
from  Circulation  (75).  Scale  bar:  50  pm.  CACs,  glycosaminoglycosans. 


matrix  is  followed  by  secretion  of  cellular  fibronectin  by  fibroblasts 
and  macrophages  (62,  63)  and  by  deposition  of  hyaluronan  and 
versican,  forming  a  network  of  cell-derived  provisional  matrix  that 
is  later  enriched  with  a  wide  range  of  matricellular  macromolecules 
(12).  During  the  proliferative  phase  of  healing,  the  highly  dynamic 
matrix  becomes  a  regulatory  center  that  transduces  essential  sig¬ 
nals  to  activate  reparative  fibroblasts  and  vascular  cells. 

Components  of  the  provisional  matrix  regulate  fibroblast  activa¬ 
tion.  Repair  of  the  infarcted  heart  is  dependent  on  recruiting  and 
activating  resident  fibroblast  populations  (64)  to  acquire  a  myo¬ 
fibroblast  phenotype  that  expresses  contractile  proteins  such  as 
a-smooth  muscle  actin  (a-SMA)  and  secretes  large  amounts  of  col¬ 
lagens.  Myofibroblast  transdifferentiation  requires  cooperation 
between  soluble  growth  factors,  such  as  TGF-pi,  and  components 
of  the  provisional  matrix.  In  vitro,  the  ED-A  domain  splice  variant 
of  fibronectin  is  critical  for  TGF-pi-mediated  a-SMA  upregulation 
(65).  In  vivo,  ED-A  fibronectin  loss  attenuates  myofibroblast  trans¬ 
differentiation  in  healing  myocardial  infarction  (66).  The  specific 
interactions  between  the  ED-A  segment  and  the  TGF-p-signaling 
cascade  remain  unknown.  Hyaluronan  and  versican  have  also 


been  implicated  in  myofibroblast  conver¬ 
sion.  In  vitro,  pericellular  hyaluronan  was 
required  to  maintain  a  myofibroblast  phe¬ 
notype  in  TGF-p-stimulated  cells  (67).  In 
vivo,  loss  of  GD44,  the  main  receptor  for 
haluronan,  impaired  collagen  synthesis 
in  infarct  fibroblasts  (40).  Versican  loss  in 
dermal  fibroblasts  attenuated  myofibro¬ 
blast  conversion  (68).  Although  versican  is 
upregulated  in  healing  myocardial  infarcts 
(69),  its  in  vivo  role  in  transdifferentiation 
of  injury-site  cardiac  myofibroblasts  has 
not  been  directly  documented. 

Induction  of  matricellular  proteins. 
During  the  proliferative  phase  of  infarct 
healing,  the  cardiac  EGM  is  enriched 
through  the  deposition  of  a  wide  range  of 
structurally  diverse  matricellular  proteins 
that  do  not  serve  a  direct  structural  role,  but 
act  contextually  by  regulating  cytokine  and 
growth  factor  responses  and  modulating 
cell  phenotype  and  function  (70,  71).  The 
family  includes  the  thrombospondins  TSP- 
1,  -2,  and  -4,  tenascin-G  and  -X,  secreted 
protein,  acidic  and  cysteine-rich  (SPARG), 
osteopontin,  periostin,  and  members  of 
the  GGN  family  (72).  Several  other  pro¬ 
teins  (including  members  of  the  galectin 
and  syndecan  family,  fibulins,  osteoglycin, 
and  other  small  leucine-rich  proteoglycans) 
have  been  found  to  exert  matricellular 
actions  as  part  of  their  broader  spectrum  of 
functional  properties.  Most  members  of  the 
matricellular  family  show  low  expression  in 
the  normal  myocardium,  but  are  markedly 
upregulated  following  myocardial  injury.  In 
healing  infarctions,  angiotensin  and  growth 
factors  stimulate  de  novo  synthesis  and  secretion  of  matricellular 
proteins  in  fibroblasts  or  immune  or  vascular  cells  (39,  73,  74). 
Once  secreted  into  the  interstitium,  matricellular  macromolecules 
bind  to  the  structural  matrix  and  transduce  signaling  cascades 
through  ligation  of  cell  surface  receptors  or  contribute  to  activa¬ 
tion  of  cytokines,  growth  factors,  and  proteases  in  the  pericellular 
space.  An  overview  of  the  pattern  of  regulation,  function,  targets, 
and  mechanisms  of  action  of  the  matricellular  proteins  discussed 
below  is  given  in  Table  1. 

Several  prototypical  members  of  the  matricellular  family  are 
markedly  upregulated  following  myocardial  infarction  and  pro¬ 
tect  the  myocardium  from  adverse  remodeling  (75-78).  Localized 
induction  of  TSP-1  in  the  infarct  border  zone  may  form  a  barrier 
that  prevents  expansion  of  inflammation  in  viable  myocardial  areas 
through  local  activation  of  antiinflammatory  signals  (7  5) .  Osteopon¬ 
tin  may  protect  from  left  ventricular  dilation  by  promoting  matrix 
deposition  in  the  infarcted  region  (79).  SPARG  has  been  shown  to 
protect  from  cardiac  rupture  and  postinfarction  heart  failure  by  con¬ 
tributing  to  collagen  maturation  through  activation  of  growth  factor 
signaling  (80).  Periostin  serves  as  a  cmcial  regulator  of  fibroblast 
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recruitment  and  activity  (81)  and  prevents  cardiac  rupture  (81,  82), 
promoting  formation  of  an  organized  collagen-based  scar. 

Although  each  matricellular  protein  has  a  unique  function¬ 
al  profile,  several  unifying  themes  have  emerged  regarding  their 
actions  in  the  infarcted  heart.  First,  the  strikingly  selective  local¬ 
ization  of  prototypical  members  of  the  family  in  the  infarct  border 
zone  and  their  regulatory  effects  on  the  activity  of  soluble  medi¬ 
ators  highlight  their  role  in  spatial  regulation  of  cellular  respons¬ 
es.  Secreted  growth  factors  and  cytokines  can  diffuse  beyond  the 
infarct  zone ;  the  requirement  for  matricellular  proteins  in  activating 
growth  factor-mediated  responses  may  serve  to  localize  inflamma¬ 
tory  and  fibrotic  responses  within  areas  of  injury.  Second,  transient 
expression  of  matricellular  proteins  during  the  proliferative  phase 
of  healing  ensures  temporal  regulation  of  growth  factor  respons¬ 
es.  Clearance  of  matricellular  proteins  from  the  infarcted  area 
may  serve  as  an  important  STOP  signal,  preventing  uncontrolled 
fibrosis  following  injury.  In  vitro  studies  have  demonstrated  that 
alternatively  activated  macrophages  internalize  SPARC  through 
the  scavenger  receptor  stabilin  1  (83).  However,  the  potential  role 
of  immune  cell  subsets  in  endocytosis  and  degradation  of  matri¬ 
cellular  proteins  in  vivo  has  not  been  tested.  Third,  repair  of  the 
infarcted  myocardium  is  dependent  on  a  highly  dynamic  microen¬ 
vironment  that  promotes  cellular  plasticity.  In  response  to  micro¬ 


environmental  cues,  interstitial  cells  exhibit  phenotypic  changes 
(84-86),  leading  to  transitions  from  inflammatory  to  reparative 
phenotypes  (87).  Through  their  transient  induction  and  incorpora¬ 
tion  into  the  matrix,  matricellular  proteins  may  play  a  critical  role  in 
regulating  cell  differentiation,  contributing  to  the  cellular  plasticity 
observed  in  healing  tissues  through  direct  actions  and  via  modula¬ 
tion  of  growth  factor-mediated  pathways. 

ECM  in  the  maturation  phase  of  infarct  healing 

Scar  maturation  is  associated  with  ECM  crosslinking  in  the  infarct 
zone  and  with  a  marked  reduction  in  myofibroblast  density  (88). 
Descriptive  studies  have  suggested  that  apoptosis  may  be  involved 
in  elimination  of  granulation  tissue  cells  from  the  infarct  (89,  90); 
however,  the  mechanisms  responsible  for  cell-specific  activation 
of  a  proapoptotic  program  in  the  late  phase  of  infarct  healing  have 
not  been  investigated.  Acquisition  of  a  quiescent  phenotype  may 
precede  apoptosis  of  infarct  myofibroblasts.  Formation  of  a  mature 
crosslinked  matrix  and  clearance  of  matricellular  proteins  may  play 
an  important  role  in  regulating  fibroblast  deactivation  in  the  healing 
infarct  (91-93).  It  is  tempting  to  hypothesize  that  endogenous  mech¬ 
anisms  that  restrain  matricellular  actions  protect  the  infarcted  heart 
from  progressive  fibrosis,  depriving  fibroblasts  of  the  prolonged 
actions  of  growth  factor-mediated  signals.  Vascular  cells  may  also 


Table  1.  Matricellular  proteins  in  myocardial  infarction 


Matricellular 

protein 

Pattern  of  regulation 

Function 

Possible  cellular  targets 

Possible  mechanisms  of  action 

References 

TSP-1 

Transient  upregulation  and 
deposition  in  the  infarct  border 
zone  during  the  proliferative  phase 
of  healing 

Protects  the  infarcted  heart  from 
adverse  remodeling,  limiting 
expansion  of  inflammation  and 
extension  of  fibrosis 

Fibroblasts,  macrophages, 
vascular  endothelial  cells,  T  cells, 
cardiomyocytes 

Activates  TCF-p 

Inhibits  MMPs 

Exerts  angiostatic  actions 

Exerts  antiinflammatory  actions 
Modulates  nitric  oxide  signaling 

12 

Tenascin-C 

Transient  upregulation  in  infarcted 
area,  border  zone,  and  remodeling 
myocardium 

May  contribute  to  myocardial 
regeneration  in  fish  and  amphibians 
Promotes  fibrosis  and  adverse 
remodeling  in  mammals 

Fibroblasts,  cardiomyocytes, 
macrophages,  vascular  cells 

Exerts  proinflammatory  actions 

Triggers  fibrogenic  actions  though 
accentuation  of  growth  factor  signaling 
Promotes  angiogenic  effects 

145,156,157 

SPARC 

Abundant,  but  transient 
upregulation  in  infarcted 
myocardium,  predominantly 
localized  in  macrophages  and 
myofibroblasts 

Protects  from  cardiac  rupture 

May  promote  systolic  dysfunction 
during  the  early  postischemic  phase 

Fibroblasts,  macrophages,  vascular 
cells 

Regulates  matrix  assembly  and 
metabolism 

Accentuates  growth  factor  signaling, 
promoting  fibroblast  activation  and 
angiogenesis 

80,158 

OPN 

Markedly  and  transiently 
upregulated  following  infarction, 
primarily  localized  in  macrophages 

Protects  from  adverse  remodeling 

Fibroblasts,  macrophages,  T  cells, 
vascular  cells,  cardiomyocytes 

Regulates  matrix  assembly 

Activates  growth  factor  signaling, 
promoting  fibroblast  activation  and 
angiogenesis 

79 

Periostin 

Marked,  but  transient  upregulation 
in  activated  myofibroblasts  in 
the  infarct,  border  zone,  and 
remodeling  area 

Protects  from  cardiac  rupture, 
while  promoting  late  fibrosis  in 
remodeling  segments 

Fibroblasts 

Regulates  matrix  assembly 

Activates  a  fibrogenic  program 

81,82 

[CN2 

Marked,  but  transient  upregulation 
in  infarcted  hearts  through  activation 
ofTCF-pand  angiotensin  II 

Cardiomyocyte-specific  CCN2 
overexpression  studies  suggested 
that  CCN2  reduces  infarct  size 
following  ischemia/reperfusion  and 
attenuates  adverse  remodeling  in 
nonreperfused  infarction 

Cardiomyocytes,  fibroblasts, 
macrophages 

Activates  prosurvival  pathways  in 
cardiomyocytes 

Attenuates  inflammation 

159,160 

Osteoglycin 

Marked  upregulation  in  infarcted 
myocardium,  associated  with 
collagen  deposition 

Protects  from  cardiac  rupture  and 
prevents  adverse  remodeling 

Fibroblasts 

Regulates  maturation  of  collagen  fibers 

161 

JCI 


1604 


jci.org  Volume  127  Numbers  May  2017 


Downloaded  from  http://www.jci.org  on  May  2,  2017.  https://doi.0rg/IO.l  172/JCI87491 

The  Journal  of  Clinical  Investigation  REVIEW 


Pressure  overload/ 
mechanical  stress 


i 


Cardiomyocyte  hypertrophy 

Figure  3.  Matricellular  proteins  regulate  cellular  responses  in  the  pressure-overloaded  myocar¬ 
dium,  In  the  pressure-overloaded  heart,  mechanical  stress  activates  neurohumoral  pathways 
and  induces  synthesis  and  release  of  matricellular  macromolecules,  including  TSP1,  -2,  and  -4, 
tenascin-C,  OPN,  SPARC,  and  periostin.  Matricellular  proteins  have  been  implicated  in  regulation 
of  matrix  assembly,  in  transduction  of  mechanosensitive  signaling,  and  in  tbe  pathogenesis  of 
fibrosis  and  cardiac  hypertrophy,  and  may  also  modulate  survival  of  cardiomyocytes  under  condi¬ 
tions  of  stress.  The  effects  of  the  matricellular  proteins  are  exerted  through  direct  activation  of 
cell  surface  receptors  or  through  modulation  of  growth  factor-  and  protease-mediated  responses. 


respond  to  the  mature  ECM  environment.  During  scar  maturation, 
infarct  microvessels  acquire  a  coat  of  mural  cells  through  activation 
of  PDGFR-fi  signaling  (88, 94);  uncoated  vessels  regress.  ECM  pro¬ 
teins  have  been  implicated  in  modulation  of  endothelial-pericyte 
interactions  in  vitro  and  in  vivo  (95,  96),  but  whether  such  effects 
play  a  role  in  maturation  of  infarct  microvessels  remains  unknown. 

It  should  be  emphasized  that  in  the  presence  of  a  large 
infarction  with  significant  hemodynamic  consequences,  via¬ 
ble  noninfarcted  myocardium  also  exhibits  slowly  progres¬ 
sive  interstitial  fibrosis  related  to  the  pathophysiologic  effects 
of  pressure  and  volume  loads.  Inflammation  and  fibrosis  are 
suppressed  in  the  healing  infarct,  leading  to  formation  of  a 
mature  collagen-based  scar,  but  in  the  viable  noninfarcted 
zone,  increased  wall  stress  may  locally  activate  macrophages 
and  fibroblasts,  triggering  chronic  progressive  expansion  of  the 
cardiac  interstitial  matrix  (97,  98). 

ECM  in  cardiac  pressure  and  volume  overload 

Pressure  and  volume  overload  are  critically  implicated  in  the  patho¬ 
genesis  of  heart  failure  in  a  wide  variety  of  cardiac  conditions.  Left 
ventricular  pressure  overload  is  the  critical  pathophysiologic  com¬ 
panion  of  the  cardiomyopathy  induced  by  systemic  hypertension 
and  aortic  stenosis.  On  the  other  hand,  valvular  regurgitant  lesions 
(such  as  aortic  and  mitral  insufficiency)  cause  cardiac  remodeling 
and  heart  failure  by  subjecting  the  heart  to  volume  overload.  More¬ 
over,  both  pressure  and  volume  loads  contribute  to  the  pathophys¬ 


iology  of  postinfarction  remodeling.  Pressure 
and  volume  overload  have  distinct  effects  on  the 
cardiac  ECM  that  may  account  for  their  conse¬ 
quences  on  ventricular  geometry  and  function. 

ECM  in  the  pressure-overloaded  myocardi¬ 
um.  In  both  experimental  models  and  in  human 
patients,  cardiac  pressure  overload  causes  early 
hypertrophic  remodeling  and  diastolic  dys¬ 
function,  followed  by  decompensation,  cham¬ 
ber  dilation,  and  development  of  systolic  heart 
failure.  Pressure  overload  is  associated  with 
profound  and  dynamic  changes  in  the  com¬ 
position  of  the  ECM;  these  changes  regulate 
geometry  and  function,  not  only  by  affecting 
the  mechanical  properties  of  the  ventricle,  but 
also  by  modulating  cellular  responses.  In  ani¬ 
mal  models,  activation  of  cardiac  fibroblasts  is 
one  of  the  earliest  effects  of  pressure  overload 
in  the  myocardium,  ultimately  leading  to  depo¬ 
sition  of  collagenous  matrix  and  expansion  of 
the  interstitium  (99-101).  In  human  patients, 
hypertensive  heart  disease  is  associated  with 
development  of  interstitial  and  periarteriolar 
fibrosis  even  in  the  absence  of  significant  cor¬ 
onary  atherosclerosis  (102). 

Fibrotic  changes  that  develop  in  the 
pressure-overloaded  myocardium  may  involve 
activation  of  cardiomyocytes,  fibroblasts, 
and  immune  and  vascular  cells.  Mechani¬ 
cal  stress  due  to  pressure  overload  activates 
the  renin-angiotensin-aldosterone  system 
(RAAS),  triggering  inflammatory  signaling  and  leading  to  down¬ 
stream  stimulation  of  TCF-p  cascades.  Neurohumoral  mediators, 
cytokines,  and  growth  factors  directly  stimulate  a  fibrogenic  pro¬ 
gram,  triggering  myofibroblast  conversion  and  stimulating  syn¬ 
thesis  of  large  amounts  of  structural  matrix  proteins  (103-106). 
Stress-induced  fibroblast  activation  in  the  pressure-overloaded 
myocardium  may  also  be  indirect,  at  least  in  part,  requiring  stim¬ 
ulation  of  fibrogenic  cascades  in  cardiomyocytes  and  immune 
cells.  Mechanical  stretch  has  been  suggested  as  triggering  puriner- 
gic  signaling  in  cardiomyocytes,  leading  to  release  of  fibrogenic 
growth  factors  (107).  Moreover,  T  lymphocytes  and  macrophages 
have  been  implicated  in  activation  of  resident  cardiac  fibroblasts 
following  pressure  overload  (108, 109). 

Even  in  the  absence  of  cardiomyocyte  necrosis,  mechanically 
activated  myofibroblasts  and  immune  cells  secrete  specialized  matrix 
proteins  (such  as  fibronectin)  and  enrich  the  interstitial  matrix  with  a 
wide  range  of  matricellular  macromolecules  (Figure  3  and  refs.  110, 
111).  Fibronectin  deposition  in  the  pressure-overloaded  heart  may  be 
involved  in  myofibroblast  transdifferentiation  and  has  been  impli¬ 
cated  as  an  important  mediator  in  cardiomyocyte  hypertrophy  (112), 
possibly  through  activation  of  growth  factor  signaling.  Deposition  of 
matricellular  proteins  in  the  pressure-overloaded  heart  generates  a 
highly  dynamic  matrix  microenvironment  and  modulates  fibrogenic 
and  hypertrophic  responses.  Table  2  provides  an  overview  of  the  reg¬ 
ulation,  functional  role,  and  mechanisms  of  action  of  the  matricellu¬ 
lar  proteins  in  the  pressure-overloaded  myocardium. 
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ECM  in  cardiac  volume  overload.  Volume  overload  is  associat¬ 
ed  with  a  distinct  profile  of  change  s  in  the  composition  of  the  E  CM 
thatultimately  lead  to  chamber  dilation  and  contribute  to  systolic 
dysfunction.  In  contrast  to  the  marked  accentuation  in  collagen 
deposition  triggered  by  a  pressure  load,  volume  overload  is  asso¬ 
ciated  with  a  reduction  in  interstitial  collagen  content  due  to 
increased  MMP  expression  (113-115)  and  augmented  autophag¬ 
ic  degradation  of  procollagen  in  cardiac  fibroblasts  (116).  Phar¬ 
macologic  inhibition  studies  suggested  that  MMP  activation  is 
directly  implicated  in  dilative  remodeling  of  the  volume-over¬ 
loaded  ventricle  (117),  but  the  mechanisms  responsible  for  the 
distinct  cell  biological  changes  and  matrix  alterations  in  volume 
overload  remain  poorly  understood.  Bradykinin  receptor  signal¬ 
ing  has  been  implicated  in  matrix  loss  associated  with  volume 
overload  (118),  but  the  links  between  specific  mechanical  stim¬ 
uli  and  myocardial  cell  activation  are  understudied.  The  limited 
data  on  the  matricellular  protein  profile  in  volume-overload¬ 
ed  hearts  are  not  accompanied  by  systematic  investigations  of 
the  potential  role  of  these  proteins.  Although  marked  increas¬ 
es  in  synthesis  of  fibronectin  and  periostin  have  been  report¬ 
ed  in  experimental  volume  overload  (114,  119),  deposition  of 
these  fibrogenic  matricellular  proteins  was  not  associated  with 
increased  secretion  of  structural  matrix  proteins. 


The  cardiac  ECM  in  metabolic  disease 

Diabetics  exhibit  a  high  incidence  of  heart  failure  with  preserved 
ejection  fraction,  associated  with  expansion  of  the  cardiac  ECM 
network  (120).  Fibrotic  changes  in  diabetic  hearts  are,  at  least 
in  part,  independent  of  coronary  artery  disease  or  hypertension 
(121),  reflecting  direct  effects  of  metabolic  dysregulation  on  the 
ECM.  Diabetes,  obesity,  and  metabolic  dysfunction  are  associated 
with  activation  of  cardiac  fibroblasts  (122)  and  are  accompanied 
by  deposition  of  matricellular  macromolecules  (123)  and  progres¬ 
sive  accumulation  of  fibrillary  collagens  in  the  cardiac  interstitium 
(124, 125).  The  molecular  basis  for  activation  of  the  so-called  dia¬ 
betic  fibroblast  remains  unknown.  The  role  of  hyperglycemia  in 
mediating  fibrogenic  activation  remains  poorly  defined.  Whether 
stimulation  of  a  fibrogenic  program  in  diabetic  fibroblasts  requires 
diabetes- associated  activation  of  fibrogenic  signaling  in  cardiomyo- 
cytes,  vascular,  or  immune  cells  is  unclear.  Expansion  of  the  cardiac 
interstitium  in  diabetes  involves  activation  of  several  distinct  but 
overlapping  pathways,  including  neurohumoral  mediators  (such  as 
the  RAAS),  ROS,  inflammatory  cytokines  and  growth  factors  (such 
as  TGF-(5),  adipokines,  and  the  advanced  glycation  endproduct 
(AGE) /receptor  for  AGE  (RAGE)  axis.  Moreover,  hyperglycemia 
induces  matricellular  protein  synthesis  in  several  cell  types  (126). 
Diabetes-associated  induction  of  matricellular  proteins,  such  as 


Table  2.  Matricellular  proteins  in  the  pressure-overloaded  myocardium 

Matricellular 

protein 

Pattern  of  regulation  in  models 
of  pressure  overload 

Function 

Possible  mechanisms  of  action 

References 

TSP-1 

Transient  upregulation  and  deposition  in 
interstitial  and  perivascular  areas  in  models  of 

TAC  and  systemic  hypertension  and  in  a  combined 
model  of  hyperglycemia/abdominal  aortic 
constriction 

Activates  fibroblasts  in  tbe  pressure-overloaded 
heart,  promoting  a  matrix-syntbetic  phenotype 

Activates  TCF-(5 

Inhibits  MMP  activity 

111,162-164 

T5P-2 

High  expression  in  myocardium  of  renin¬ 
overexpressing  hypertensive  rats  that  developed 
heart  failure 

High  expression  in  human  patients  with  cardiac 
hypertrophy 

Protects  the  angiotensin  ll-stimulated  myocardium 
from  rupture 

Protects  the  aging  heart  from  dilation 

Inhibition  of  MMP  synthesis  and  activity 
Activation  of  prosurvival  pathways  in 
cardiomyocytes 

165,166 

TSP-4 

Rapid  upregulation  in  the  myocardium  in  response 
to  angiotensin  II  treatment  orTAC 

Protects  the  pressure-overloaded  heart  from 
functional  decompensation,  systolic  dysfunction, 
and  death 

Downmodulates  the  fibrotic  response  in  the 
pressure-overloaded  heart 

Suppresses  expression  of  ECM  proteins  in 
fibroblasts  and  endothelial  cells 

Activates  mechanosensitive  Erk  and  Akt 
signaling  in  cardiomyocytes,  increasing 
contractility  following  pressure  overload 

Has  been  suggested  as  also  acting  intracellularly, 
augmenting  ER  function  and  protecting  from 
injury-related  ER  stress 

167-171 

Tenascin-C 

Deposition  in  the  cardiac  interstitium  following 
pressure  overload 

Upregulation  in  cardiomyocytes  subjected  to 
mechanical  strain 

Accelerates  cardiac  fibrosis  in  response  to 
angiotensin  II  infusion 

May  act  in  part  through  activation  of  integrin- 
mediated  cytokine  secretion  in  macrophages 

99, 172-174 

SPARC 

Upregulation  in  models  of  TAC 

Mediates  fibrosis  and  promotes  diastolic 
dysfunction  in  models  of  TAC 

Contributes  to  postsynthetic  procollagen 
processing 

175, 176 

OPN 

Upregulation  in  models  of  TAC  and  angiotensin  II 
infusion 

Increased  expression  in  human  hypertensive  heart 
disease 

Mediates  fibrosis  in  models  of  TAC,  angiotensin, 
and  aldosterone  infusion 

Prohypertrophic  effects  are  less  consistently 
observed  in  various  models 

Promotes  fibroblast  proliferation 

Activates  fibroblasts  through  an  miR-21- 
mediated  pathway  177-183 

Periostin 

Upregulated  in  activated  fibroblasts  and  deposited 
in  the  cardiac  interstitium  in  models  of  TAC 

Promotes  hypertrophy  and  fibrosis 

Activates  cardiac  fibroblasts,  promoting  their 
migration  and  transdifferentiation 

Regulates  collagen  fibrillogenesis 

82,184 

TAC,  transverse  aortic  constriction 
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TSP-1,  may  drive  the  fate  of  cardiac  interstitial  cells  toward  a  fibro¬ 
blast  phenotype  promoting  fibrotic  remodeling. 

Therapeutic  ECM  targeting  in  injured  and 
remodeiing  myocardium 

Matrix-based  strategies  to  preserve  structure,  geometry,  and  function. 
Because  of  its  importance  in  preserving  structural  integrity  and 
function  of  the  heart  (127)  and  its  crucial  involvement  in  regula¬ 
tion  of  cellular  responses  in  cardiac  injury,  repair,  and  remodeling 
(12),  the  cardiac  ECM  provides  unique  opportunities  for  therapeu¬ 
tic  interventions  in  patients  with  myocardial  infarction  and  heart 
failure.  Several  therapeutic  approaches  with  established  benefi¬ 
cial  effects  in  patients  with  myocardial  infarction  and  heart  fail¬ 
ure,  such  as  ACE  inhibition,  angiotensin  type  1  receptor  blockade, 
p-adrenergic  receptor  antagonism,  and  mechanical  unloading, 
may  exert  some  of  their  protective  actions  through  modulation  of 
ECM  deposition  and  metabolism  (128). 

Following  myocardial  infarction,  catastrophic  mechanical 
complications,  such  as  cardiac  rupture  (129),  are  associated  with 
accentuated  matrix  degradation  or  perturbed  deposition  of  new 
structural  matrix  (130).  These  can  be  treated  through  application 
of  a  patch  containing  ECM  proteins  to  restore  the  structural  integ¬ 
rity  of  the  ventricle  (131).  In  the  remodeling  heart,  approaches  to 
tightly  regulating  matrix  deposition  and  crosslinking  may  pro¬ 
tect  from  adverse  remodeling  and  development  of  heart  failure. 
A  large  body  of  experimental  evidence  suggests  that  excessive 
accumulation  of  crosslinked  structural  matrix  proteins  increases 
myocardial  stiffness  and  promotes  diastolic  dysfunction;  in  con¬ 
trast,  overactive  matrix-degrading  pathways  may  promote  dila¬ 
tive  remodeling,  causing  systolic  dysfunction.  In  patients  with 
myocardial  infarction,  therapeutic  interventions  directly  target¬ 
ing  ECM  metabolism  through  MMP  inhibition  have  produced 
mixed  results.  Administration  of  a  selective  oral  MMP  inhibitor 
in  patients  with  STEMI  and  reduced  ejection  fraction  showed  no 
significant  protection  from  adverse  remodeling  (132),  despite 
significant  antiremodeling  effects  in  animal  models.  In  contrast, 
early  nonselective  MMP  inhibition  with  doxycycline  attenuated 
progression  to  dilative  remodeling  in  patients  with  STEMI  and 
left  ventricular  dysfunction  (133).  The  conflicting  findings  may 
reflect  the  pathophysiological  heterogeneity  of  human  myocar¬ 
dial  infarction;  successful  implementation  of  matrix  modulation 
strategies  may  require  development  of  biomarkers  or  imaging 
approaches  to  identify  patients  with  specific  alterations  in  matrix 
metabolism  (134).  Moreover,  interpretation  of  the  effects  of 
therapies  targeting  MMPs  are  complicated  by  their  wide  range 
of  actions  beyond  matrix  metabolism  involving  processing  and 
modulation  of  bioactive  cytokines  and  growth  factors. 

Matrix-based  interventions  to  modulate  cellular  cardiac 
repair  responses.  Specialized  matrix  proteins  and  matricellular 
macromolecules  critically  modulate  the  cellular  responses  in 
the  infarcted  and  remodeling  heart  and  may  hold  the  key  for 
development  of  new  effective  strategies  to  optimize  repair  and 
to  reduce  adverse  remodeling  following  cardiac  injury.  Ani¬ 
mal  model  studies  have  suggested  that  several  members  of  the 
matricellular  family  protect  the  infarcted  heart  from  adverse 
remodeling  (12).  Therapeutic  approaches  based  on  matricellu¬ 
lar  proteins  are  particularly  attractive  because  of  the  capacity 


of  matricellular  macromolecules  to  modulate  growth  factor  and 
cytokine  signaling,  thus  localizing  therapeutic  effects  in  the  area 
of  interest.  Unfortunately,  the  daunting  complexity  of  the  biol¬ 
ogy  of  matricellular  proteins  hampers  therapeutic  implementa¬ 
tion.  Matricellular  proteins  have  multiple  functional  domains 
and  act  contextually  depending  on  microenvironmental  fac¬ 
tors,  such  as  the  local  composition  of  the  matrix  and  the  profile 
of  cytokine  and  growth  factor  expression.  Distinct  actions  of 
matricellular  protein  fragments  further  complicate  therapeu¬ 
tic  implementation.  Identification  of  the  functional  domains 
responsible  for  specific  protective  or  detrimental  matricellular 
actions  is  needed  in  order  to  design  peptide-based  strategies 
that  simulate  these  effects  (12, 135). 

Targeting  the  ECM  to  promote  cardiac  regeneration.  In  con¬ 
trast  with  fish  and  amphibians,  adult  mammals  have  very 
limited  capacity  for  myocardial  regeneration  (136),  which  is 
overwhelmed  by  the  massive  sudden  loss  of  cardiomyocytes 
following  infarction.  Over  the  last  15  years,  a  wide  range  of  cell 
therapy  approaches  has  been  tested  in  attempts  to  regenerate 
the  injured  human  myocardium,  with  little  success  (137-139). 
Although  beneficial  actions  have  been  reported  with  several 
different  types  of  cell  therapy,  in  many  cases,  protection  of  the 
infarcted  myocardium  was  attributed  to  paracrine  effects  and  to 
the  modulation  of  inflammatory  and  fibrogenic  signals  rather 
than  to  activation  of  a  regenerative  program. 

Several  lines  of  evidence  suggest  that  modulation  of  the  ECM 
may  be  a  crucial  component  of  a  regenerative  response.  First,  in 
vitro,  the  composition  of  the  ECM  has  a  profound  effect  in  regu¬ 
lation  of  cell  cycle  entry  in  cardiomyocyte  progenitors  and  in  neo¬ 
natal  cardiac  myocytes  (140,  141).  Compliant  matrices  contain¬ 
ing  elastin  promote  dedifferentiation,  proliferation,  and  clonal 
expansion  of  rat  and  mouse  neonatal  cardiomyocytes  (140).  Sec¬ 
ond,  in  fish  and  amphibians,  myocardial  regenerative  responses 
seem  to  be  dependent  on  deposition  of  a  specialized  ECM  (142). 
A  recent  study  reported  that  intramyocardial  administration  of 
ECM  from  healing  zebrafish  hearts  may  stimulate  regeneration 
in  mouse  infarcts  (143).  Loss-of-function  approaches  suggested 
that  fibronectin  deposition  may  be  critical  for  regeneration  of  the 
zebrafish  heart  (144).  In  newts,  cardiac  regeneration  following 
injury  was  preceded  by  formation  of  a  matrix  network  compris¬ 
ing  tenascin-C,  fibronectin,  and  hyaluronan.  This  specialized 
matrix  network  may  serve  as  a  path  for  progenitor  cells  as  well  as 
play  an  active  role  in  activation  of  a  regenerative  program  (145). 
Considering  that,  much  like  in  fish  and  amphibians,  myocardi¬ 
al  infarction  in  mammals  also  induces  a  marked  upregulation 
of  tenascin-C  and  fibronectin  without  stimulating  remuscular- 
ization,  it  is  unlikely  that  matrix-dependent  actions  are  suffi¬ 
cient  to  activate  a  regenerative  program.  Myocardial  regenera¬ 
tion  likely  requires  not  only  a  “regenerative”  matrix  profile,  but 
also  local  secretion  of  a  yet-undefined  combination  of  cytokines 
and  growth  factors,  and  activation  of  pathways  that  enhance 
plasticity  of  progenitor  cell  populations  (146).  Third,  in  sever¬ 
al  cell  therapy  studies  in  mammalian  models  of  cardiac  injury, 
application  of  matrix-based  patches  containing  progenitor  cells 
showed  enhanced  effectiveness  (147, 148).  It  has  been  suggested 
that  application  of  matrix  patches  that  recapitulate  the  regener¬ 
ative  environment  of  the  embryonic  myocardium  may  increase 
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remuscularization  following  injury  (149).  Whether  such  effects 
may  be  due  to  direct  actions  of  specific  matrix  proteins  on  car¬ 
diac  progenitors  or  reflect  matrix-dependent  activation  of  other 
cell  types  (such  as  immune  or  vascular  cells)  remains  unknown. 
Fourth,  some  experimental  studies  in  mammals  have  suggest¬ 
ed  that  matricellular  macromolecules  may  induce  proliferation 
of  differentiated  cardiomyocytes.  Kiihn  and  coworkers  showed 
that  recombinant  periostin  administered  as  an  epicardial  Gel- 
foam  patch  following  infarction  improved  cardiac  function  and 
attenuated  cardiac  remodeling,  triggering  cell  cycle  reentry  in 
differentiated  cardiomyocytes  in  an  integrin-dependent  manner 
(150).  Unfortunately,  genetic  manipulation  of  periostin  expres¬ 
sion  in  mice  did  not  support  the  proposed  proliferative  actions 
of  periostin  on  cardiomyocytes  (151).  Whether  modulation  of  the 
matricellular  protein  profile  following  myocardial  injury  could 
facilitate  activation  of  a  regenerative  program  in  adult  infarcted 
hearts  remains  unknown. 

A  growing  body  of  experimental  work  attempts  to  exploit 
technological  advances  in  perfusion-decellularization  strate¬ 
gies  (152)  to  generate  scaffolds  comprising  human  cardiac  ECM 
that  may  serve  as  tools  for  manufacture  of  cardiac  grafts  (153, 
154).  The  acellular  matrix  obtained  through  decellularization 
could  subsequently  be  used  for  recellularization  with  cardio¬ 
myocytes  derived  from  induced  pluripotent  stem  cells  (iPSCs) 
in  order  to  generate  myocardial-like  structures.  Early  studies 
have  generated  tissue  constructs  with  definitive  sarcomeric 
structure  that  exhibit  contractile  function  and  electrical  con¬ 
duction  (153).  Clearly,  the  current  technology  has  significant 
limitations,  and  major  advances  are  needed  in  order  to  pursue 
clinical  translation.  Complete  reendothelialization  is  necessary 
to  prevent  activation  of  the  coagulation  system,  generation  of 
functional  valvular  structures  is  critical  for  ventricular  func¬ 
tion,  and  a  conduction  system  is  needed  for  transmission  of 


electrical  activity.  Despite  these  problems,  such  matrix-driven 
strategies  may  represent  the  first  step  toward  the  generation  of 
functional  human  cardiac  grafts. 

Conclusions 

All  myocardial  cells  are  enmeshed  within  a  dynamic  network  of  ECM 
that  not  only  serves  a  structural  role  and  facilitates  mechanical  force 
transmission,  but  also  regulates  cell  phenotype  and  function.  Fol¬ 
lowing  cardiac  injury,  changes  in  composition  of  the  cardiac  ECM 
critically  regulate  inflammatory,  reparative,  fibrotic,  and  regenera¬ 
tive  responses.  Over  the  last  two  decades,  understanding  of  the  biol¬ 
ogy  of  the  cardiac  matrix  has  expanded  well  beyond  the  early  con¬ 
cepts  focusing  on  the  role  of  matrix  proteins  in  cardiac  mechanics. 
We  now  view  the  matrix  as  a  dynamic  entity  that  responds  to  injury 
by  undergoing  dramatic  transformations.  Release  of  bioactive  frag¬ 
ments  and  incorporation  of  matricellular  proteins  expands  the  func¬ 
tional  repertoire  of  the  matrix  and  drives  repair  by  transducing  key 
signals  to  many  different  cell  types.  Expansion  of  our  knowledge  on 
the  structure,  proteomic  profile,  and  functional  properties  of  matrix 
constituents  will  enrich  our  understanding  of  the  pathobiology  of 
heart  disease,  suggesting  new  therapeutic  opportunities. 
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Left  ventricular  dysfunction  increases  left  atrial  pressures  and  causes  atrial  remodeling.  In  human  subjects,  in¬ 
creased  left  atrial  size  is  a  powerful  predictor  of  mortality  and  adverse  events  in  a  broad  range  of  cardiac  patho¬ 
logic  conditions.  Moreover,  structural  remodeling  of  the  atrium  plays  an  important  role  in  the  pathogenesis  of 
atrial  tachyarrhythmias.  Despite  the  potential  value  of  the  atrium  in  assessment  of  functional  endpoints  in  myo¬ 
cardial  disease,  atrial  pathologic  alterations  in  mouse  models  of  left  ventricular  disease  have  not  been  systemat¬ 
ically  investigated.  Our  study  describes  the  geometric,  morphologic,  and  structural  changes  in  experimental 
mouse  models  of  cardiac  pressure  overload  (induced  through  transverse  aortic  constriction),  myocardial  infarc¬ 
tion,  and  diabetes.  Morphometric  and  histological  analysis  showed  that  pressure  overload  was  associated  with 
left  atrial  dilation,  increased  left  atrial  mass,  loss  of  myofibrillar  content  in  a  subset  of  atrial  cardiomyocytes,  atrial 
cardiomyocyte  hypertrophy,  and  atrial  fibrosis.  In  mice  undergoing  nonreperfused  myocardial  infarction  proto¬ 
cols,  marked  left  ventricular  systolic  dysfunction  was  associated  with  left  atrial  enlargement,  atrial  cardiomyocyte 
hypertrophy,  and  atrial  fibrosis.  Both  infarcted  animals  and  pressure  overloaded  mice  exhibited  attenuation  and 
perturbed  localization  of  atrial  connexin-43  immunoreactivity,  suggesting  gap  junctional  remodeling.  In  the  ab¬ 
sence  of  injury,  obese  diabetic  db/db  mice  had  diastolic  dysfunction  associated  with  atrial  dilation,  atrial  cardio¬ 
myocyte  hypertrophy,  and  mild  atrial  fibrosis.  Considering  the  challenges  in  assessment  of  clinically  relevant 
functional  endpoints  in  mouse  models  of  heart  disease,  study  of  atrial  geometry  and  morphology  may  serve  as 
an  important  new  tool  for  evaluation  of  ventricular  function. 

®  2017  Elsevier  Inc.  All  rights  reserved. 


1.  Introduction 

Perturbations  in  left  ventricular  function  have  profound  effects  on 
the  geometi'y  and  structural  properties  of  the  left  atrium.  Both  systolic 
and  diastolic  heart  failures  result  in  elevation  of  left  atrial  pressures, 
leading  to  atrial  dilation  and  hypertrophy.  In  human  subjects,  adverse 
left  atrial  remodeling  predicts  mortality  and  adverse  outcome  in  a 
wide  range  of  cardiac  pathologic  conditions.  In  a  cross-sectional  sample 
of  a  population  >45  years  of  age,  increased  atrial  volume  was  a  marker 
of  severity  and  duration  of  diastolic  dysfunction  [1],  In  patients  surviv¬ 
ing  acute  myocardial  infarction,  left  atrial  volume  was  found  to  be  a 
powerful  predictor  of  mortality  [2]  and  provided  incremental 
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prognostic  information  over  clinical  and  echocardiographic  data  [3], 
Left  atrial  volume  independently  predicted  adverse  outcome  in  patients 
with  hypertrophic  cardiomyopathy  [4],  ischemic  cardiomyopathy  [5], 
and  chronic  heart  failure  [6],  The  prognostic  value  of  atrial  size  is  not 
limited  to  patients  with  established  myocardial  disease  but  has  been  ex¬ 
tended  to  individuals  free  of  cardiovascular  conditions.  In  subjects  with 
type  2  diabetes  but  without  any  known  cardiovascular  disease,  left  atrial 
volume  was  found  to  be  an  independent  predictor  of  morbidity  and 
mortality  [7],  In  a  population  of  middle-aged  and  elderly  individuals 
free  of  clinical  cardiovascular  disease,  left  atrial  diameter  was  an  inde¬ 
pendent  predictor  of  incident  first  cardiovascular  events  [8],  Thus,  in 
human  patients,  assessment  of  left  atrial  size  and  geometry  is  a  valuable 
tool  in  evaluation  of  ventricular  function  and  provides  important  prog¬ 
nostic  information. 

In  addition  to  its  prognostic  significance,  remodeling  of  the  left  atri¬ 
um  plays  an  important  direct  role  in  the  pathogenesis  of  atrial  tachyar¬ 
rhythmias  [9],  Atrial  fibrosis  disrupts  electrical  conduction  and 
predisposes  to  initiation  and  maintenance  of  atrial  fibrillation  [10-12], 
Moreover,  structural  and  geometric  atrial  remodeling  generates  a 
thrombogenic  substrate  that  predisposes  to  ischemic  stroke  and  sys¬ 
temic  embolic  events  [13], 
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Mouse  models  of  myocardial  disease  have  been  extensively  used  to 
study  the  pathophysiology  of  myocardial  infarction  and  heart  failure 
[14-20].  Although  sophisticated  imaging  modalities,  histopathologic 
studies,  and  molecular  approaches  are  used  to  study  remodeling  of 
the  left  ventricle,  atrial  pathology  is  often  ignored.  Few  studies  have 
documented  atrial  dilation  in  experimental  mouse  models  of  pressure 
overload  [21  ]  and  permanent  coronaiy  ligation  [22[;  however,  system¬ 
atic  characterization  of  atrial  remodeling  in  experimental  mouse 
models  of  heart  disease  has  not  been  performed.  The  current  study  pro¬ 
vides  the  first  analysis  of  atrial  remodeling,  hypertrophy,  and  fibrosis  in 
mouse  models  of  postinfarctlve  cardiac  remodeling,  pressure-overload- 
induced  cardiomyopathy,  and  diabetic  heart  disease. 

2.  Materials  and  methods 

2.1.  Animal  protocols 

Animal  experiments  were  conducted  in  accordance  with  the  Nation¬ 
al  Institutes  of  Health  Guide  for  the  Care  and  Use  of  Laboratory  Animals 
and  were  approved  by  the  Albert  Einstein  College  of  Medicine  Institu¬ 
tional  Review  Board. 

2.2.  Mouse  model  of  cardiac  pressure  overload  induced  through  transverse 
aortic  constriction  (TAC) 

Male  and  female  4-month-old  wild-type  C57BL/6J  mice  (20.0-30.0  g 
body  weight)  were  anesthetized  with  inhaled  isoflurane  and 
underwent  TAC  protocols  for  7  days  (n=ll )  or  28  days  (n=8).  Aortic 
banding  was  achieved  by  creating  a  constriction  between  the  right  in¬ 
nominate  and  left  carotid  arteries,  as  previously  described  [23-26]. 
The  degree  of  pressure  overload  was  assessed  by  measuring  the  right- 
to-left  carotid  artery  flow  velocity  ratio  after  constricting  the  transverse 
aorta.  Mice  had  echocardiographic  analysis  at  baseline  and  after  7  and 
28  days  of  TAC.  At  the  end  of  the  experiment,  the  animals  were 
sacrificed,  and  the  hearts  were  excised,  fixed  in  zinc-formalin,  and  em¬ 
bedded  in  paraffin  for  histological  studies.  Comparisons  with  a  group  of 
control  mice  (rt=7)  was  performed. 

2.3.  Mouse  model  of  nonreperfused  myocardial  Infarction 

Male  and  female  mice  3-4  months  of  age  (20.0-30.0  g  body  weight) 
were  anesthetized  using  inhaled  isoflurane  and  underwent  permanent 
proximal  left  coronary  artery  occlusion  protocols.  Mortality  was  55%, 
observed  during  the  first  6  days,  primarily  due  to  cardiac  rupture.  Sur¬ 
viving  mice  were  followed  for  7  days  (n=6)  or  28  days  (n=10),  as  pre¬ 
viously  described  [27].  Briefly,  anesthetized  mice  underwent 
thoracotomy,  and  an  8.0  polypropylene  suture  with  a  U-shaped  tapered 
needle  was  passed  under  the  left  anterior  descending  (LAD)  coronary 
artery.  Occlusion  of  the  LAD  was  accomplished  by  ligating  LAD  until 
an  ST-elevation  appears  on  the  electrocardiogram.  Mice  enrolled  In 
the  28-day  permanent  occlusion  group  underwent  echocardiography 
at  baseline  and  prior  to  sacrifice.  At  the  end  of  the  experiment,  the  ani¬ 
mals  were  sacrificed,  and  the  hearts  were  excised,  fixed  in  zinc- 
formalin,  and  embedded  in  paraffin  for  histological  studies.  Findings 
were  compared  to  a  group  of  control  mice  (n=7). 

2.4.  Mouse  model  of  diabetes-associated  heart  disease 

Lepr‘‘'’/-F  mice  on  a  C57BL/6J  background  (db/-F)  were  purchased 
from  Jackson  Laboratories  (Bar  Harbor,  ME,  USA).  Heterozygous  db/-F 
mice  were  crossed  in  order  to  obtain  db/db  mice  and  corresponding 
lean  controls  [18,28].  Genotyplng  was  performed  through  established 
polymerase  chain  reaction  protocols.  At  6  months  of  age,  db/db  mice 
(n=9)  and  corresponding  control  lean  mice  (n=7)  underwent  echocar¬ 
diography  and  then  were  sacrificed,  and  the  hearts  were  excised,  fixed 
in  zinc-formalin,  and  embedded  in  paraffin  for  histological  studies. 


2.5.  Echocardiography 

Short-axis  M-mode  and  long-axis  B-mode  echocardiography  was 
performed  in  anesthetized  mice  using  the  Vevo  2100  system 
(VisualSonics,  Toronto,  ON,  Canada).  The  following  parameters  were 
measured  as  indicators  of  function  and  ventricular  remodeling:  left  ven¬ 
tricular  end-diastolic  volume  (LVEDV),  ejection  fraction,  end-diastolic 
left  ventricular  anterior  wall  thickness  (LVAWTd),  end-diastollc  left 
ventricular  posterior  wall  thickness  (LVPWTd),  and  left  ventricular 
mass  (LV  mass).  Lean  and  diabetic  mice  underwent  Doppler  echocardi¬ 
ography  and  tissue  Doppler  imaging  at  6  months  of  age  to  assess  dia¬ 
stolic  function  using  the  Vevo  2100  system  (VisualSonics).  Transmittal 
LV  inflow  velocities  were  measured  from  apical  four-chamber  view  by 
pulsed-wave  Doppler.  Peak  early  E  (E-wave)  and  late  A  (A-wave)  filling 
velocities  and  E/A  ratio  were  measured  according  to  the  guidelines  of 
the  American  Society  of  Echocardiography  [29[.  Tissue  Doppler  imaging 
of  the  mitral  annulus  was  obtained  from  the  apical  four-chamber  view. 
A  1.0-mm  sample  volume  was  placed  sequentially  at  the  medial  mitral 
annulus.  Analysis  was  performed  for  assessment  of  early  (E’)  diastolic 
velocity,  and  the  E/E’  ratio  was  calculated.  Views  and  data  were 
exported  for  offline  calculation  using  Vevo  2100  quantification  software 
(Vevo  2100  v.1.6.0).  The  offline  analysis  was  performed  by  a  sonogra- 
pher  blinded  to  study  groups. 

2.6.  Histological  analysis  and  quantitative  moiphometiy 

Formalin-fixed,  paraffin-embedded  hearts  were  sectioned  from  base 
to  apex  at  250-pm  intervals  as  previously  described  [30[.  Ten  serial  5-pm 
sections  were  obtained  at  each  interval,  corresponding  to  an  additional 
50-pm  segment.  The  first  section  from  each  interval  was  stained  with 
hematoxylin/eosin  (HSiE).  Each  section  was  scanned  at  xlO  magnifica¬ 
tion,  the  left  atrium  was  Identified,  and  the  left  atrial  wall  area  (LAWA), 
left  atrial  chamber  area  (LACA),  and  short  and  long  axis  of  the  atrium 
were  measured  using  Axiovision  LE  4.8  software  (Zeiss).  Assessment 
of  left  atrial  volume  and  mass  was  performed  by  calculating  the  sum 
of  the  volumes  of  all  300-pm  partitions.  Because  histological  processing 
results  in  shrinkage  of  the  processed  tissue  [31],  the  values  were 
corrected  by  a  linear  factor  of  1.3.  The  following  formulas  were  used, 
adapted  from  our  published  work  describing  morphometric  strategies 
used  for  assessment  of  ventricular  remodeling  following  reperfused 
murine  myocardial  infarction  [30] : 

LA  volume  =  (LACAl  +  LACA2  + . +  LACAn)*h,  where  h  =  0.3  mm, 

LA  wall  volume  =  (LAWAl  +  LAWA2  +  ...  +  LAWAn)*!?  (h  =  0.3mm), 
and  LA  mass  =  LA  wall  volume*  1.065mg/|jl  (specific  gravity  of  myocardium). 


2.7.  Wheat  germ  agglutinin  (WCA)  lectin  histochemistry  and  quantitative 
assessment  of  cardiomyocyte  size,  Interstitial  fibrosis,  and  interstitial 
cellularity 

In  order  to  assess  atrial  cardiomyocyte  hypertrophy  in  mouse 
models  of  heart  disease,  cardiomyocytes  were  outlined  using  WGA 
lectin  histochemistry  using  a  WGA  Alexa  Fluor  594  Conjugate  (Life 
Technologies)  (dilution  1:100).  Sections  were  counterstained  with 
DAPl.  Cardiomyocyte  size  was  quantitatively  assessed  using  Axiovision 
LE  4.8  software  (Zeiss).  Fifty  cardiomyocytes  cut  at  cross  section  were 
assessed  from  each  mouse.  Mean  cardiomyocyte  area  was  expressed 
in  pm^.  Interstitial  fibrosis  was  assessed  through  quantitation  of  the 
WGA-stained  interstitial  area  using  Image  Pro  Plus  software.  Quantita¬ 
tive  assessment  of  the  WGA-stained  area  has  been  validated  as  a  reli¬ 
able  technique  for  evaluation  of  cardiac  fibrosis  [32[.  Quantitative 
assessment  of  interstitial  cellularity  in  the  left  atrium  was  performed 
by  counting  the  number  of  DAPl-positive  interstitial  nuclei  per  area  of 
myocardium.  Cell  density  was  expressed  as  cells/mm^.  Six  fields 
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scanned  at  400x  magnification  from  two  different  stained  sections 
were  used  for  analysis  of  each  mouse. 


2.8.  Sirius  red  staining 

Light  microscopy  and  polarized  light  microscopy  were  used  to  label 
collagen  fibers  in  the  atrium,  as  previously  described  [19,33].  Briefly, 
paraffin  sections  (5  p  thick)  were  stained  using  picrosirius  red.  Circularly 
polarized  images  were  obtained  using  Axio  Imager  M2  for  polarized  light 
microscopy  (Zeiss).  When  the  collagen  fibers  are  stained  with  picrosirius 
red  and  viewed  with  polarized  light,  depending  on  the  thiclmess  of  the 
collagen  fibers,  the  hues  range  from  green  to  yellow  to  orange  to  red. 

2.9.  tmmunohistochemistry 

In  order  to  study  connexin-43  localization  in  remodeling  atria,  histo¬ 
logical  sections  from  four  mice  per  group  were  stained 
immunohistochemically  with  rabbit  anti-connexin-43/GJAl  polyclonal 
antibody  (Abeam,  abll370,  dilution  1:1000).  Staining  was  performed 
using  a  peroxidase-based  technique  with  the  Vectastain  ELITE  kit  (Vector 
Labs).  Eollowing  antigen  retrieval  with  citrate  buffer,  sections  were  treat¬ 
ed  with  3%  hydrogen  peroxide  to  inhibit  endogenous  peroxidase  activity 
and  blocked  with  10%  goat  serum  to  block  nonspecific  protein  binding. 
Peroxidase  activity  was  detected  using  diaminobenzidine  with  nickel. 
Negative  controls  were  performed  with  incubation  with  rabbit  IgG  at 
the  same  concentration. 

2.10.  Statistical  analysis 

Statistical  comparisons  between  more  than  two  groups  was  per¬ 
formed  using  analysis  of  variance  followed  by  t  test  corrected  for  multi¬ 
ple  comparisons  (Sidak's  test).  Comparisons  between  two  groups  were 
performed  using  t  test.  Non-Gaussian  distributions  were  compared 
using  the  Mann-Whitney  test.  Data  were  expressed  as  mean  ±  S.E.M. 
Statistical  significance  was  set  at  .05. 


3.  Results 

3.1.  Cardiac  pressure  overload  causes  left  atrial  hypertrophy  and  dilation 

TAC  protocols  induced  comparable  increases  in  R:L  carotid  velocity 
ratio  in  the  7-  (7.5±0.94)  and  28-day  group  (9.0±1.04),  suggesting 
similar  pressure  loads.  The  effects  of  pressure  overload  protocols  on 
left  ventricular  geometry  and  function  are  shown  in  Table  1 .  After  7 
days  of  TAC,  mice  exhibited  early  concentric  left  ventricular  hypertro¬ 
phy,  followed  by  modest  dilation  and  systolic  dysfunction  after  28 
days.  Pressure  overload  induced  through  TAC  caused  left  atrial  dilation 
and  hypertrophy  (Fig.  lA),  evidenced  by  marked  and  progressive  in¬ 
creases  in  left  atrial  volume  and  left  atrial  mass  after  7-28  days 


Table  1 

Left  ventricular  remodeling  in  the  TAC  model  of  cardiac  pressure  overload 


Pre 

7  days  (n=ll) 

Pre 

28  days  (n=8) 

LVEDD  (mm) 

3.63±0.07 

3.13±0.18* 

3.01  ±0.26 

3.86±0.17" 

Ejection  fraction  (%) 

61.32±3.77 

59.08±7.34 

78.54±3.87 

49.89±4.91** 

LVEDV  (mD 

55.75±2.64 

40.64±5.39* 

37.87±7.01 

65.62±7.29" 

AWTd  (mm) 

0.90±0.07 

1.37±0.10*’' 

0.85±0.09 

1.21±0.11^" 

PWTd  (mm) 

0.70±0.03 

0.96±0.05** 

0.85±0.07 

0.98±0.08 

LV  mass  (mg) 

97.10±8.30 

135.50±13.7r 

84.56±17.45 

161.20±19.01* 

Two  distinct  groups  of  animals  underwent  7-day  (n=ll)  and  28-day  (n=8)  TAC 
protocols. 

•  P<.05. 

•*  P<.01  vs.  corresponding  baseline. 


(Fig.  IB-C).  TAC  reduced  sphericity  of  the  atrium,  causing  a  marked  in¬ 
crease  in  the  long-axis  dimension  accompanied  by  a  less  impressive  in¬ 
crease  in  the  short  axis  (Fig.  ID  and  E). 

3.2.  Alterations  of  atrial  geometry  following  nonreperfused  myocardial 
infarction 

Permanent  left  coronary  artery  occlusion  caused  transmural  left 
ventricular  myocardial  infarction  in  all  mice  studied,  accompanied  by 
severe  systolic  dysfunction  and  dilative  ventricular  remodeling 
(Table  2).  Postinfarctive  LV  remodeling  was  associated  with  marked 
left  atrial  hypertrophy  and  dilation  (Fig.  2A).  Left  atrial  volume  and 
left  atrial  mass  markedly  increased  in  infarcted  animals  7-28  days 
after  coronary  occlusion  (Fig.  2B-C).  Infarction  was  associated  with  a 
marked  increase  in  long-axis  dimensions  (Fig.  2D);  in  contrast,  the  in¬ 
crease  in  short  axis  did  not  reach  statistical  significance  (Fig.  2E),  sug¬ 
gesting  eccentric  dilation  of  the  atrium. 

3.3.  Diabetic  hearts  exhibit  atrial  remodeling 

At  6  months  of  age,  db/db  mice  exhibited  marked  obesity  (body 
weight:  db/db  mice  59.7±6.42  g  vs.  WT  mice  22.8±0.8  g,  P<.01).  Echo- 
cardiographic  analysis  showed  that  db/db  mice  had  a  significant  in¬ 
crease  in  LVPWTd  and  a  trend  toward  an  increase  in  LV  mass 
(Table  3).  Doppler  echocardiography  showed  that  db/db  mice  had  sig¬ 
nificantly  higher  E/E’  ratio;  this  finding  is  consistent  with  worse  diastol¬ 
ic  function  (Table  3).  db/db  mice  developed  atrial  dilation  and 
hypertrophy  evidenced  by  markedly  increased  LA  volume  and  LA 
mass  (Fig.  3A-C).  db/db  mice  had  significantly  increased  long-axis,  but 
not  short-axis,  dimensions,  suggesting  eccentric  remodeling  of  the  atri¬ 
um  (Fig.  3D-E). 

3.4.  Atrial  cardiomyocyte  hypertrophy  and  interstitial  fibrosis  in  mouse 
models  of  left  ventricular  remodeling 

Histologic  analysis  showed  progressive  loss  of  contractile  elements 
in  atrial  cardiomyocytes  of  pressure-overloaded  or  infarcted  animals 
but  not  in  obese  diabetic  mice  (Figs.  4-6).  Evidence  of  left  atrial  cardio¬ 
myocyte  hypertrophy  was  noted  in  all  three  models  of  left  ventricular 
remodeling.  In  the  model  of  cardiac  pressure  overload,  the  atrial  myo¬ 
cardium  showed  loss  of  contractile  elements  in  a  subset  of 
cardiomyocytes  after  7-28  days  of  TAC  (Fig.  4A-D).  Sirius  red  staining 
visualized  with  light  (Fig.  4E-G)  and  polarized  (Fig.  4H-J)  microscopy 
showed  significant  atrial  interstitial  fibrosis  after  7-28  days  of  TAC. 
Quantitative  analysis  showed  that  left  atrial  cardiomyocytes  exhibited 
a  marked  and  progressive  increase  in  size  after  7-28  days  of  TAC 
(Fig.  41<-N). 

Following  myocardial  infarction,  some  atrial  cardiomyocytes  exhib¬ 
ited  marked  loss  of  contractile  elements  and  significant  myocytolysis 
(Fig.  5A-D).  Sirius  red  staining  visualized  with  light  and  polarized  mi¬ 
croscopy  showed  significant  fibrosis  in  the  atrial  myocardium  7-28 
days  after  myocardial  infarction  (Fig.  5E-J).  Quantitative  analysis 
showed  that  atrial  cardiomyocyte  area  was  markedly  increased  after  7 
days  and  remained  increased  after  28  days  of  coronary  occlusion 
(Fig.  5K-N).  In  6-month-old  obese  diabetic  db/db  mice,  atrial  cardio¬ 
myocyte  morphology  was  relatively  presei^ved  (Fig.  6A-C).  Sirius  red 
staining  showed  that  db/db  mice  exhibit  mild  atrial  fibrosis.  Atrial  car¬ 
diomyocyte  size  was  significantly  increased  in  db/db  mice  when  com¬ 
pared  with  age-matched  lean  animals  (Fig.  6H-L). 

Remodeling  hearts  also  exhibited  significant  atrial  fibrosis,  evi¬ 
denced  by  a  marked  expansion  of  the  atrial  interstitium,  identified 
through  sirius  red  and  WGA  lectin  histochemical  staining.  Cardiac  pres¬ 
sure  overload  was  associated  with  a  marked  fivefoid  expansion  of  the 
atrial  interstitium  after  7-28  days  of  TAC  (Fig.  40).  Nonreperfused  myo¬ 
cardial  infarction  was  associated  with  a  sixfold  increase  in  atrial  intersti¬ 
tial  area  after  7-28  days  of  permanent  coronary  occlusion  (Fig.  50).  db/ 
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Fig.  1.  Cardiac  pressure  overload  induces  left  atrial  remodeling.  Following  TAC,  adult  mice  developed  marked  concentric  left  ventricular  hypertrophy,  followed  by  late  depression  of  left 
ventricular  systolic  function  and  chamber  dilation  (Table  1 ).  (A)  Hearts  were  sectioned  from  base  to  apex;  left  atrial  volumes  and  mass  were  assessed  using  quantitative  morphometric 
analysis.  TAC  was  associated  with  a  marked  increase  in  left  atrial  (LA)  size.  Representative  images  show  H&E-stained  sections  from  a  control  mouse  and  from  animals  sacrificed  after  7 
and  28  days  of  TAC.  Quantitative  analysis  showed  that  pressure  overload  induced  a  marked  increase  in  LA  volume  (B)  and  LA  mass  (C).  TAC  was  associated  with  a  marked  increase  in 
the  long-axis  dimension  (D)  of  the  LA  and  a  much  less  impressive  increase  in  the  short-axis  dimension  (E),  suggesting  eccentric  remodeling  (*P<.05,  "^<.01  vs.  control,  n=7-ll/ 
group).  Additional  symbols:  LV,  left  ventricle;  RV,  right  ventricle  (scalebar=l  mm). 


db  mice  had  a  twofold  increase  in  atrial  WGA-stained  area,  reflecting 
significant  widening  of  the  atrial  interstitium  in  obese  diabetic  animals 
(Fig.  6M). 

Atrial  fibrosis  was  associated  with  increased  interstitial  cellular  con¬ 
tent  in  all  three  models  of  left  ventricular  disease.  Cardiac  pressure  over¬ 
load  was  associated  with  a  fourfold  increase  in  interstitial  cellularity 


Table  2 

Left  ventricular  remodeling  in  the  mouse  model  of  myocardial  infarction 


Pre 

28  days  (n=9) 

LVEDD  (mm) 

3.77±0.10 

6.70±0.28^* 

Ejection  fraction  (%) 

61.32±3.96 

9.81  ±2.35** 

LVEDV  (pi) 

62.31  ±4.25 

245.20±23.92** 

AWTd  (mm) 

0.74±0.04 

0.36±0.05** 

PWTd  (mm) 

0.59±0.02 

0.35±0.05** 

LV  mass  (mg) 

85.54±7.52 

121.10±21.30 

••  P<.01  vs.  pre. 


after  7-28  days  of  TAC  (Fig.  4P).  Following  nonreperfused  myocardial 
infarction,  atrial  interstitial  density  exhibited  a  threefold  increase  after 
7  and  28  days  of  coronary  occlusion  (Fig.  5P).  db/db  hearts  exhibited  a 
50%  increase  in  interstitial  cellularity  when  compared  with  lean 
mouse  hearts  (Fig.  6N). 

3.5.  Localization  of  connexin-43  in  remodeling  atria 

Because  changes  in  connexin  expression  have  been  linked  with  atri¬ 
al  arrhythmias,  we  examined  connexin-43  localization  in  remodeling 
atria.  In  normal  left  atrium,  connexin-43  was  localized  in  intercalated 
discs  (Fig.  7A).  Following  myocardial  infarction,  atrial  connexin-43  im- 
munoreactivity  was  markedly  reduced  and  exhibited  heterogeneous 
distribution  and  lateralization  (Fig.  7B-C).  Pressure-overloaded  hearts 
also  exhibited  attenuated  atrial  connexin-43  expression,  accompanied 
by  lateralization  (Fig.  7D-E).  In  contrast,  db/db  mice  did  not  have  signif¬ 
icant  changes  in  atrial  connexin-43  expression  (Fig.  7F). 
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Fig.  2.  Left  atrial  remodeling  following  nonreperfused  myocardial  infarction.  Nonreperfused  myocardial  infarction  is  associated  with  marked  left  ventricular  dilation  and  systolic 
dysfunction  (Table  2).  (A)  Infarcted  mouse  hearts  exhibit  marked  increases  in  LA  size.  Morphometric  analysis  showed  that  LA  volume  (B)  and  LA  mass  (C)  are  markedly  increased 
7-28  days  after  myocardial  infarction.  Atrial  remodeling  is  characterized  by  marked  increase  in  the  long-axis  dimension  (D)  but  no  significant  effect  on  the  short-axis  dimension  (E), 
suggesting  eccentric  remodeling  (•P<.05,  "P^Ol  vs.  control,  n=6-10/group)  (scalebar=l  mm). 


4.  Discussion 

In  human  patients,  assessment  of  atrial  size  and  geometry  serves  as  a 
window  to  cardiac  hemodynamics  and  diastolic  function.  In  contrast  to 
Doppler  indices  of  diastolic  function,  which  are  sensitive  to  changes  in 


Table  3 

Left  ventricular  remodeling  in  diabetic  hearts 


Lean  (n=6) 

db/db  (n=8) 

BW(g) 

22.81  ±0.81 

59.66±6.42 

TL  (mm) 

18.66±0.76 

20.25±0.91 

LVEDD  (mm) 

3.55±0.21 

3.85±0.20 

Ejection  fraction  (%) 

67.28±2.71 

65.41±1.86 

LVEDV  (pi) 

55.98±4.57 

73.68±6.73  (P=.07) 

AWTd  (mm) 

0.91±0.01 

0.91  ±0.04 

PWTd  (mm) 

0.73±0.04 

0.98±0.06"* 

LV  mass  (mg) 

109.38±13.95 

137.27±10.16  (P=.12) 

E:A 

1.5±0.15 

1.54±0.18 

E:E’ 

18.6±1.12 

37.19±3.72*" 

••  P<.01  vs.  lean. 


preload  and  afterload  [34],  left  atrial  size  may  he  a  more  stable  indicator 
that  reflects  the  duration  and  severity  of  diastolic  dysfunction  [35],  Al¬ 
though  left  atrial  volume  has  been  extensively  used  as  a  relevant  func¬ 
tional  endpoint  in  assessment  of  diastolic  function  in  large  animal 
models  of  cardiac  injury  [36],  changes  in  atrial  geometiy  and  structure 
are  seldom  studied  in  mouse  models  of  left  ventricular  disease.  This  is 
due  in  part  to  technical  challenges  in  evaluation  of  the  left  atrium  in 
mice  and  in  part  to  the  absence  of  evidence  characterizing  the  structural 
and  geometric  changes  of  the  left  atrium  following  murine  cardiac  inju¬ 
ry,  Our  study  provides  a  systematic  descriptive  analysis  of  atrial  remod¬ 
eling  in  three  clinically  relevant  mouse  models  of  left  ventricular 
disease, 

4.1.  Atrial  cardiomyopathy  in  mouse  models  of  left  ventricular  disease 

In  the  clinical  context,  the  term  atiial  cardiomyopathy  is  used  to  de¬ 
scribe  a  wide  range  of  structural,  functional,  and  electrophysiological  al¬ 
terations  of  the  atria,  capable  of  producing  clinical  manifestations  [37].  A 
recent  histopathological  classification  defined  four  classes  of  atrial 
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Fig.  3.  Left  atrial  remodeling  in  diabetic  mice.  At  6  months  of  age,  db/db  mice  exhibited  a  trend  toward  increased  LV  mass  and  evidence  of  diastolic  dysfunction  (Table  3).  (A)  These  changes 
were  associated  with  significantly  increased  LA  size.  Morphometric  analysis  showed  that  LA  volume  (B)  and  LA  mass  (C)  were  significantly  higher  in  db/db  mice  when  compared  with  lean 
controls.  There  was  a  significant  increase  in  the  long-axis  LA  dimension  (D)  without  a  significant  difference  in  the  LA  short-axis  dimension  (E),  suggesting  eccentric  atrial  remodeling 
(scalebar=l  mm). 
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Fig.  4.  Left  ventricular  pressure  overload  induces  progressive  loss  of  contractile  elements  in  atrial  cardiomyocytes  and  causes  atrial  cardiomyocyte  hypertrophy  and  interstitial  fibrosis.  (A-D) 
H&E  staining  shows  representative  left  atrial  sections  from  a  control  mouse  (A)  and  from  pressure-overloaded  animals  after  7  (B)  and  28  days  (C-D)  of  TAC  (scalebar=40  pm).  Pressure- 
overloaded  animals  exhibited  extensive  loss  of  the  myofibrillar  component  in  a  subset  of  atrial  cardiomyocytes  (arrows).  (E-J)  Sirius  red  staining  visualized  with  light  (E-G)  and  polarized 
microscopy  (H-J)  demonstrated  significant  atrial  interstitial  fibrosis  (arrows)  after  7-28  days  of  TAC.  Thicker  fibers  exhibit  orange/red  birefringence  when  visualized  with  polarized 
light  (J.  aiTowheads).  Scalebar=75  pm.  (K-M)  WGA  lectin  histochemistiy  was  used  to  outline  cardiomyocytes  and  to  quantitatively  assess  the  atrial  interstitial  space.  DAPl  fluorescent 
staining  was  used  to  assess  interstitial  cellularity.  Representative  images  show  WGA/DAPI  fluorescence  in  left  atrial  sections  from  control  hearts  (K)  and  from  pressure-overloaded 
animals  after  7  (L)  and  28  (M)  days  of  TAC  (scalebar=25  pm).  (N)  Quantitative  analysis  showed  that  atrial  cardiomyocyte  size  significantly  increased  after  7-28  days  of  TAC  (**P<.01 
vs.  control:  '^''P<.01  vs.  7  days,  n=6/group).  (0)  The  WGA-stained  area  in  the  left  atrium  was  significantly  increased  after  7-28  days  of  TAC  (**P<.01  vs.  control,  n=6/group), 
suggesting  significant  atrial  interstitial  fibrosis.  (P)  Left  atrial  interstitial  cellularity  was  significantly  increased  after  7-28  days  of  TAC  (**P<.01  vs.  control,  n=6/group). 
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Fig.  5.  Myocardial  infarction  is  associated  with  atrial  cardiomyocyte  hyperti'ophy  and  interstitial  fibrosis.  (A-D)  Representative  H&E-stained  atrial  sections  from  control  (A)  and  infarcted 
mouse  hearts  after  7  (B)  and  28  days  (C-D)  of  permanent  coronary  occlusion  (scalebar=40  pm).  Infarcted  mice  showed  fibrosis  (arrowheads).  A  significant  number  of  cardiomyocytes 
exhibited  loss  of  contractile  material  (arrows).  (E-J)  Sirius-red-stained  sections  visualized  with  light  (E-G)  and  polarized  (H-J)  microscopy  show  fibrotic  remodeling  of  the  atrium 
following  myocardial  infarction  (arrows,  scalebar=60  pm).  Thicker  collagen  fibers  exhibit  orange/red  birefringence  under  polarized  light  (arrows).  (K-M)  WGA/DAPI  fluorescence  in 
representative  atrial  sections  from  control  animals  (I<)  and  from  infarcted  animals  after  7  (L)  and  28  days  of  permanent  coronary  occlusion  (M).  Scalebar=25  pm.  Quantitative  analysis 
showed  that  left  atrial  cardiomyocyte  size  (N),  the  WGA-stained  atrial  interstitial  area  (0),  and  atrial  interstitial  cell  density  (P)  were  markedly  increased  7-28  days  after  coronary 
occlusion  (**P<.01  vs.  control,  '^'*'P<.01  vs.  7-days,  n=6/group). 
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Fig.  6.  Diabetic  hearts  exhibit  atrial  cardiomyocyte  hypertrophy  and  expansion  of  the  atrial  interstitium.  ( A-C)  Representative  H&E-stained  left  atrial  sections  show  that  atria  from  db/db  mice 
have  hypertrophic  changes  and  mild  fibrosis  (arrows)  at  6  months  of  age  (scalebar=40  pm).  (D-G)  Sirius-red-stained  sections  visualized  with  light  (D-E)  and  polarized  (E-G)  microscopy 
show  mild  fibrotic  remodeling  of  the  atrium  in  db/db  mice  (arrows,  scalebar=75  pm).  Thicker  collagen  fibers  exhibit  orange/red  birefringence  under  polarized  light  (G,  arrow).  (H-K) 
Representative  images  show  WGA/DAPl  fluorescence  in  left  atrial  sections  from  lean  control  mice  (H,  1)  and  db/db  animals  (J,  K).  Scalebar=30  pm.  db/db  animals  exhibited  increased  left 
atrial  cardiomyocyte  size  (L),  an  increase  in  WGA-stained  interstitial  area  (M),  and  higher  interstitial  cell  density  (N)  when  compared  to  lean  control  animals  (*P<.05,  **P<.01  vs  control, 
n=6/group). 


cardiomyopathies  on  the  basis  of  the  predominant  underlying  patholo¬ 
gy:  class  1  shows  primarily  cardiomyocyte  changes,  class  11  exhibits  prin¬ 
cipally  fibrotic  remodeling,  class  111  shows  a  combination  of 
cardiomyocyte  and  fibrotic  alterations,  and  class  IV  is  characterized  by 
deposition  of  noncollagenous  material  or  Inflammatory  infiltration  in 
the  presence  or  absence  of  cardiomyocyte  alterations  [37],  Our  findings 
in  three  different  mouse  models  of  left  ventricular  disease  suggest  the 
presence  of  an  atrial  cardiomyopathy  with  class  111  characteristics. 
Mice  undergoing  TAG  protocols  and  animals  with  nonreperfused  myo¬ 
cardial  infarction  exhibited  loss  of  contractile  material  in  a  subset  of 
cardiomyocytes  associated  with  progressive  hypertrophy  and  fibrosis 
(Figs.  4  and  5).  Obese  diabetic  mice  had  less  severe  atrial  pathology, 
exhibiting  mild  atrial  cardiomyocyte  hypertrophy  and  atrial  fibrosis 
(Fig.  6).  The  morphological  and  hlstopathological  changes  in  the 
mouse  models  of  left  ventricular  disease  are  summarized  in  Table  4. 

4.2.  Atrial  remodeling  and  fibrosis  in  response  to  cardiac  pressure  overload 

Using  quantitative  morphometry,  we  demonstrated  that  pressure 
overload  causes  marked  increases  in  left  atrial  volume  and  left  atrial 
mass,  and  reduced  sphericity  of  the  chamber,  as  early  as  7  days  after 


TAG  (Fig.  1).  These  changes  were  associated  with  evidence  of  atrial  fi¬ 
brosis  and  atrial  cardiomyocyte  hypertrophy  (Fig.  4).  Published  studies 
have  documented  dilative  atrial  remodeling  in  mouse  models  of  pres¬ 
sure  overload.  Using  echocardiographic  analysis,  Zile  and  coworkers 
[38]  showed  a  late  Increase  In  left  atrial  dimensions  4  weeks  after  TAG. 
Late  detection  of  atrial  remodeling  may  reflect  the  challenges  in  echo¬ 
cardiographic  visualization  of  the  mouse  atria  and  the  eccentric  pattern 
of  remodeling.  Moreover,  in  male  mice  undergoing  TAG  protocols,  De 
Jong  and  colleagues  noted  a  progressive  atrial  hypertrophy  accompa¬ 
nied  by  increases  in  atrial  expression  of  extracellular  matrix  proteins 
such  as  collagen  1,  111,  and  fibronectin  [21].  The  authors  did  not  docu¬ 
ment  histological  evidence  of  atrial  fibrosis;  however,  the  limited  sensi¬ 
tivity  of  the  trichrome  stain  used  to  assess  the  atrial  interstitial  matrix 
[22]  may  explain  these  negative  findings. 

4.3.  Atrial  remodeling  following  myocardial  infarction 

Our  findings  documented  eccentric  left  atrial  dilation,  hypertrophy, 
and  left  atrial  fibrosis  in  mice  with  large  nonreperfused  left  coronary  ar¬ 
tery  territory  infarcts  (Figs.  2  and  5).  The  findings  are  consistent  with 
similar  observations  by  Golazzo  and  coworkers  [22]  that  demonstrated 
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Fig.  7.  Connexin-43  localization  in  remodeling  atria.  (A)  Immunohistochemical  staining  shows  that,  in  normal  mouse  left  atrium,  connexin-43  is  localized  in  intercalated  discs  (arrows). 
(B-C)  Representative  left  atrial  sections  from  infarcted  mice  after  7  (B)  and  28  days  (C)  of  coronary  occlusion  show  marked  reduction  of  connexin-43  immunoreactivity  associated  with 
loss  of  the  normal  pattern  and  lateralization  (arrows).  (D-E)  Attenuated  connexin-43  expression  and  lateralization  (arrows)  were  also  noted  in  pressure-overloaded  hearts  after  7  (D)  and 
28  days  (E)  of  TAG.  (E)  In  contrast,  db/db  mice  did  not  have  significant  changes  in  connexin-43  immunoreactivity.  Representative  sections  show  findings  from  four  different  animals  for 
each  group.  Scalebar=25  pm. 


echocardiographic  evidence  of  increased  left  atrial  dimensions  4  weeks 
after  coronary  occlusion.  Although  increased  filling  pressures  due  to  the 
extensive  left  ventricular  dysfunction  likely  account  for  the  alterations 
in  atrial  geometry  and  architecture  obseiA/ed  in  infarcted  animals,  a  sub¬ 
set  of  mice  exhibited  small  areas  of  left  atrial  infarction  that  may  con¬ 
tribute  to  atrial  remodeling. 

4.4.  Atrial  remodeling  in  diabetes,  obesity,  and  metabolic  dysfunction 

Obese  and  diabetic  subjects  exhibit  increases  in  left  atrial  volumes 
even  in  the  absence  of  hypertension  or  overt  cardiovascular  disease 
[39]:  these  changes  are  accompanied  by  an  increased  incidence  of  atrial 
tachyarrhythmias  [40],  Our  findings  show  that  mice  with  obesity  and 
diabetes  due  to  genetic  central  leptin  resistance  have  significant  atrial 
dilation  and  increased  left  atrial  mass  associated  with  atrial  cardiomyo- 
cyte  hypertrophy,  fibrosis,  and  a  50%  increase  in  interstitial  cellularity 
(Fig.  6).  Consistent  with  our  findings,  published  studies  have  demon¬ 
strated  significant  atrial  fibrosis  in  rats  with  typel  or  type  2  diabetes 
[41,42].  In  contrast,  in  mouse  models  of  diabetes,  atrial  fibrosis  has  not 
been  consistently  documented.  In  adult  male  mice,  a  high-fat  diet  for 
2  months  increased  the  vulnerability  to  atrial  arrhythmias  without 
causing  atrial  fibrosis  [43  [. 

Atrial  remodeling  in  obese  diabetic  subjects  may  reflect  elevations  in 
left  ventricular  filling  pressures  due  to  diastolic  dysfunction  but  may 
also  result  from  direct  effects  of  metabolic  dysregulation  on  atrial 


cardiomyocytes  and  fibroblasts  [44[.  Diabetes-associated  generation  of 
reactive  oxygen  species,  activation  of  advanced  glycation  end- 
products  (AGE)-receptor  for  AGE  signaling,  and  stimulation  of  angio¬ 
tensin  11  or  growth  factor  pathways  may  activate  atrial  fibroblasts,  trig¬ 
gering  left  atrial  fibrosis  [45[.  In  patients  with  coronary  disease,  diabetes 
was  associated  with  an  activated  atrial  fibroblast  phenotype,  showing  a 
twofold  increase  in  collagen  transcription  [46]. 

4.5.  Connexin  remodeling:  a  potential  link  between  structural  alterations 
and  atrial  tachyarrhythmias 

Atrial  remodeling  is  often  associated  with  atrial  tachyarrhythmias; 
however,  the  molecular  links  between  structural  changes  and  arrhyth¬ 
mia  generation  remain  poorly  understood.  Gap  junctions  are  specialized 
intercellular  connections  that  enable  propagation  of  the  electrical  im¬ 
pulse  and  consist  of  four  transmembrane  proteins,  members  of  the 
connexin  family  [47].  In  both  experimental  models  and  human  patients, 
atrial  fibrillation  is  associated  with  alterations  in  the  levels  of  expression 
and  in  localization  of  the  connexins  [48,49].  However,  the  patterns  of 
these  changes  are  often  inconsistent  in  various  models  [47[.  Our  find¬ 
ings  demonstrate  a  marked  attenuation  in  connexin-43  immunoreac¬ 
tivity  in  the  left  atrium  of  mice  undergoing  pressure  overload  or 
myocardial  infarction  protocols  (Fig.  7).  Reduced  expression  of 
connexin-43  in  remodeling  atria  was  associated  with  “lateralization,” 
ectopic  expression  of  connexin-43  along  the  major  axis  of  the 


Table  4 

Overview  of  the  geometric  and  histopathological  alterations  of  the  left  atrium  in  models  of  left  ventricular  disease 


Mouse  model 

Geometric  changes 

Cardiomyocyte  alterations 

Interstitial  changes 

Nonreperfused  myocardial 
infarction 

TAG 

db/db  mouse 

1.  Severe,  progressive,  eccentric  left 
atrial  dilation. 

2.  Markedly  increased  left  atrial  mass. 

1.  Severe,  progressive  eccentric  left 
atrial  dilation. 

2.  Markedly  increased  left  atrial  mass. 

1.  Left  atrial  dilation. 

2.  Increased  left  atrial  mass. 

1.  Myofibrillar  loss  in  a  subset  of  cardiomyocytes. 

2.  Progressive  and  severe  atrial  cardiomyocyte  hypertrophy. 

3.  Connexin-43  loss  and  lateralization. 

1.  Myofibrillar  loss  in  a  subset  of  cardiomyocytes. 

2.  Progressive  and  severe  atrial  cardiomyocyte  hypertrophy. 

3.  Connexin-43  loss  and  lateralization. 

1.  Atrial  cardiomyocyte  hypertrophy. 

2.  No  significant  degenerative  changes  in  atrial  cardiomyocytes. 

3.  Minimal  changes  in  connexin-43  localization. 

1.  Severe  atrial  fibrosis. 

2.  Marked  infiltration  with 
interstitial  cells 

1.  Severe  atrial  fibrosis. 

2.  Marked  infiltration  with 
interstitial  cells 

1.  Mild  atrial  fibrosis. 

2.  Increased  interstitial  cell  content. 
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cardiomyocytes,  instead  of  the  typical  localization  in  intercalated  discs. 
Whether  gap  junctional  remodeling  may  trigger  atrial  fibrillation  in 
mouse  models  of  left  ventricular  disease  remains  unknown. 

4.6.  Conclusions 

Much  like  in  human  patients,  mouse  models  of  left  ventricular  dis¬ 
ease  exhibit  left  atrial  remodeling.  Considering  the  prognostic  value  of 
atrial  size  parameters  in  patients  with  cardiovascular  disease,  assess¬ 
ment  of  left  atrial  mass,  volume,  and  geometric  remodeling  may  repre¬ 
sent  an  important  tool  for  functional  evaluation,  in  particular  in  studies 
investigating  the  chronic  consequences  of  diastolic  dysfunction.  More¬ 
over,  dissection  of  the  cell  biological  mechanisms  responsible  for  atrial 
fibrosis  may  contribute  to  our  understanding  of  the  pathogenesis  of  atri¬ 
al  tachyarrhythmias. 
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Aims  Tissue  transglutaminase  (tTG)  is  induced  in  injured  and  remodelling  tissues,  and  modulates  cellular  phenotype,  while 

contributing  to  matrix  cross-linking.  Our  study  tested  the  hypothesis  that  tTG  may  be  expressed  in  the  pressure- 
overloaded  myocardium,  and  may  regulate  cardiac  function,  myocardial  fibrosis  and  chamber  remodelling. 

Methods  In  order  to  test  the  hypothesis,  wild-type  and  tTG  null  mice  were  subjected  to  pressure  overload  induced  through 

and  results  transverse  aortic  constriction.  Moreover,  we  used  isolated  cardiac  fibroblasts  and  macrophages  to  dissect  the 

mechanisms  of  tTG-mediated  actions.  tTG  expression  was  upregulated  in  the  pressure-overloaded  mouse  heart 
and  was  localized  in  cardiomyocytes,  interstitial  cells,  and  in  the  extracellular  matrix.  In  contrast,  expression  of 
transglutaminases  1,  3,  4,  5,  6,  7  and  FXlll  was  not  induced  in  the  remodelling  myocardium.  In  vitro,  transforming 
growth  factor  (TGF)-P1  stimulated  tTG  synthesis  in  cardiac  fibroblasts  and  in  macrophages  through  distinct  signal¬ 
ling  pathways.  tTG  null  mice  had  increased  mortality  and  enhanced  ventricular  dilation  following  pressure  overload, 
but  were  protected  from  diastolic  dysfunction.  tTG  loss  was  associated  with  a  hypercellular  cardiac  interstitium, 
reduced  collagen  cross-linking,  and  with  accentuated  matrix  metalloproteinase  (MMP)2  activity  in  the  pressure- 
overloaded  myocardium.  In  vitro,  tTG  did  not  modulate  TGF-jf-mediated  responses  in  cardiac  fibroblasts;  however, 
tTG  loss  was  associated  with  accentuated  proliferative  activity.  Moreover,  when  bound  to  the  matrix,  recombinant 
tTG  induced  synthesis  of  tissue  inhibitor  of  metalloproteinases  (T1MP)-1  through  transamidase-independent  actions. 

Conclusions  Following  pressure  overload,  endogenous  tTG  mediates  matrix  cross-linking,  while  protecting  the  remodelling  myo¬ 

cardium  from  dilation  by  exerting  matrix-preserving  actions. 

Keywords  Transglutaminase  •  Cardiac  fibrosis  •  Collagen  cross-linking  •  Fibroblast  •  Matrix  metalloproteinase 


1.  Introduction 

The  extracellular  matrix  plays  a  critical  role  in  regulating  cardiac  geometry 
and  function,  not  only  by  providing  structural  support  and  by  determining 
the  mechanical  properties  of  the  ventricle,  but  also  by  modulating  cellular 
phenotype  and  behaviour.^^  In  the  normal  heart,  the  cardiac  matrix 
shields  interstitial  cells  from  mechanical  stress  preventing  their  activation; 
matrix  components  may  also  transduce  important  homeostatic  signals  in 
cardiomyoc)Tes,  promoting  their  survival  and  regulating  their  function.  In 
the  pressure-overloaded  myocardium,  the  cardiac  extracellular  matrix 


undergoes  profound  changes  that  critically  regulate  phenotype  and 
function  of  both  cardiomyocytes  and  interstitial  cells.  As  the  ventricle  re¬ 
models,  newly-synthesized  matricellular  macromolecules  are  incorpo¬ 
rated  into  the  matrix,  serving  as  molecular  bridges  that  transduce,  or 
modulate  growth  factor-  and  cytokine-mediated  signals,  conferring  plasti¬ 
city  to  the  cardiac  interstitium.^^^  Because  all  myocardial  cells  are  en¬ 
meshed  in  the  matrix  network,  matricellular  actions  drive  the  dynamic 
cellular  changes  that  occur  in  the  remodelling  pressure-overloaded  heart. 

Tissue  transglutaminase  (tTG,  transglutaminase  2/TG2),  a  member  of 
the  transglutaminase  family,  is  a  ubiquitously  expressed  80  kDa  protein 
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that  exerts  a  wide  range  of  effects  on  the  extracellular  matrix  and  on  cel¬ 
lular  elements.®'^  tTG  may  be  secreted  into  the  extracellular  space, 
where  it  may  influence  cell  behaviour  through  both  enzymatic  and  non- 
enzymatic  actions.  As  a  typical  transglutaminase,  tTG  catalyses  protein 
deamidation,  transamidation  and  cross-linking;^®  some  of  its  enzymatic 
substrates  have  been  identified  in  extracellular  compartments,  on  the 
cell  surface,  and  in  the  matrix.®’”  tTG-mediated  cross-linking  of  matrix 
proteins  such  as  fibrinogen,  fibronectin,  collagen  and  laminin-nidogen 
basement  membrane  complexes”’”  may  contribute  to  the  generation 
of  a  mechanically  stable,  stiff  and  protease-resistant  matrix  network. 
More  recently,  non-enzymatic  actions  of  tTG  have  been  documented, 
including  adapter/scaffolding  functions  that  may  directly  regulate  cell  ad¬ 
hesion,  migration  and  differentiation.®’®’”  Because  activation  of  tTG  in 
the  extracellular  environment  appears  to  be  transient  due  to  its  oxida¬ 
tion,”  the  non-enzymatic  functions  of  the  molecule  may  be  particularly 
important  in  vivo.  tTG  is  a  stress-inducible  gene  in  most  mammalian  tis¬ 
sues.”  In  failing  hearts,  tTG  is  one  of  the  most  upregulated  proteins,  ex¬ 
hibiting  marked  induction  in  experimental  models  of  cardiac  volume  and 
pressure  overload.”’”  Although  transgenic  cardiac-specific  overexpres¬ 
sion  of  tTG  in  mice  causes  mild  hypertrophy  and  diffuse  interstitial  fibro¬ 
sis,”  the  role  of  endogenous  tTG  in  cardiac  remodelling  has  not  been 
studied.  We  hypothesized  that  tTG  induction  in  the  pressure- 
overloaded  myocardium  may  play  an  important  role  in  fibrosis,  dysfunc¬ 
tion  and  geometric  remodelling  of  the  ventricle.  We  demonstrate  for 
the  first  time  that  tTG  exerts  potent  matrix-preserving  effects  on  the 
pressure-overloaded  myocardium,  promoting  fibrosis,  matrix  cross- 
linking,  and  diastolic  dysfunction,  while  protecting  from  dilative  re¬ 
modelling  and  systolic  dysfunction.  Our  in  vivo  and  in  vitro  findings  suggest 
that  in  addition  to  its  actions  on  matrix  cross-linking,  tTG  inhibits  fibro¬ 
blast  proliferation  and  promotes  a  matrix-preserving  phenotype  in  car¬ 
diac  fibroblasts.  When  bound  to  the  extracellular  matrix,  tTG  stimulates 
T1MP1  synthesis  through  non-enzymatic  effects,  acting  as  a  matricellular 
protein. 

2.  Methods  (detailed  description  of 
the  methodology  is  provided  in  the 
online  supplement) 

2.1  Animal  protocols 

Animal  experiments  were  conducted  in  accordance  with  the  National 
Institutes  of  Health  Guide  for  the  Gare  and  Use  of  Laboratory  Animals 
and  were  approved  by  the  Baylor  College  of  Medicine  and  Albert 
Einstein  College  of  Medicine  institutional  review  committees.  Male  and 
female,  2-  to  4-month-old  wild-type  (WT)  and  tTG  knockout  (KO)^° 
mice  in  a  C57BL/6J  background  were  genotyped  using  established  proto¬ 
cols.  Animals  were  anesthetized  with  inhaled  isoflurane  (4%  for  induc¬ 
tion,  2%  for  maintenance).  Aortic  banding  was  achieved  by  creating  a 
constriction  between  the  right  innominate  and  left  carotid  arteries,  as 
previously  described.®^  The  degree  of  pressure  overload  was  assessed 
by  measuring  right-to-left  carotid  artery  flow  velocity  ratio  after  con¬ 
stricting  the  transverse  aorta.  For  analgesia,  buprenorphine  (0.05- 
0.2  mg/kg  s.c.)  was  administered  at  the  time  of  surgery  and  q12h  there¬ 
after  for  2  days.  Intraoperatively,  heart  rate,  respiratory  rate  and  electro¬ 
cardiogram  were  monitored  and  the  depth  of  anaesthesia  was  assessed 
using  the  toe  pinch  method.  At  the  end  of  the  experiment,  euthanasia 
was  performed  using  2%  inhaled  isoflurane  followed  by  cervical  disloca¬ 
tion.  Early  euthanasia  was  performed  following  criteria  indicating 


suffering  of  the  animal:  weight  loss  >  20%,  vocalization,  dehiscent  wound, 
hypothermia,  signs  of  heart  failure  (cyanosis,  dyspnoea,  and  tachypnea), 
lack  of  movement,  hunched  back,  lack  of  food  or  water  ingestion. 

2.2  Echocardiography 

Echocardiography  was  performed  prior  to  instrumentation  and  before 
the  end  of  each  experiment  using  the  Vevo  2100  system  (VisualSonics, 
Toronto  ON). 

2.3  Pressure:volume  loop  analysis 

Left  ventricular  pressure-volume  analysis  was  performed  using  progres¬ 
sive  isovolumic  Langendorff  retrograde  perfusion  of  isolated  murine 
hearts,  as  previously  described.®®’^® 

2.4  Immunohistochemistry,  dual 
fluorescence  and  quantitative  histology 

Formalin-fixed,  paraffin-embedded  tissue  samples  were  used  for  immu- 
nohistochemical  staining.  Collagen  was  labelled  using  picrosirius  red. 
Quantitative  assessment  of  myofibroblast  and  macrophage  density  was 
performed  by  counting  the  number  of  cells/myocardial  area. 
Cardiomyocytes  were  outlined  using  wheat  germ  agglutinin  (WGA) 
histochemistry. 

2.5  Assessment  of  apoptosis  using  TUNEL 
staining  and  WGA  lectin  fluorescence 

Apoptotic  cardiomyocytes  and  interstitial  cells  were  identified  using 
fluorescent  In  situ  Cell  Death  Detection  Kit  (Roche)  and  WGA  staining. 

2.6  RNA  extraction  and  qPCR 

RNA  extraction  and  quantitative  PGR  were  performed  using  established 
protocols. 

2.7  Hydroxyproline  biochemical  assay 

To  assess  cross-linking  of  collagen  in  pressure  overloaded  hearts  we 
adopted  established  methods.” 

2.8  Zymography 

MMP  activity  in  the  pressure  overloaded  myocardium  was  examined  by 
gelatin  zymography.®® 

2.9  Flow  cytometry 

Suspensions  of  interstitial  cells  were  prepared  from  WT  and  tTG  KO 
hearts  after  7  days  of  TAG.  Cell  suspensions  were  analysed  with  a  Cell 
Lab  Quanta  SC  flow  cytometer  (Beckman  Coulter). 

2.10  Cardiac  fibroblast  isolation  and 
stimulation 

Cardiac  fibroblasts  were  isolated  from  WT,  Smad3  KQ  and  tTG  KQ  ani¬ 
mals  as  previously  described.®® 

2.11  Western  blotting 

Protein  was  isolated  from  stimulated  cells  and  western  blotting  was  per¬ 
formed  using  standard  protocols. 

2.12  Studies  on  cardiac  fibroblasts 
populating  collagen  pads 

Cardiac  fibroblasts  isolated  from  WT  and  tTG  KQ  animals  were  cul¬ 
tured  to  passage  2  and  serum-starved  overnight  (16  h),  then  cultured  in 
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collagen  pads  as  previously  described?^’^^  After  incubation,  the  pads 
were  used  for  RNA  extraction  and  subsequent  analyses.  For  experi¬ 
ments  examining  the  effects  of  tTG  on  fibroblast  phenotype,  enzymati¬ 
cally  active  recombinant  mouse  tTG,  or  inactive  tTG  with  a  point 
mutation  in  the  catalytic  site  (Zedira  GmbH)  was  incorporated  into  col¬ 
lagen  pads  at  a  concentration  of  50  pg/mL. 

2.13  Macrophage  isolation  and  stimulation 

CD11b+ macrophages  were  isolated  from  the  mouse  spleen  using 
immunomagnetic  sorting. 

2.14  Statistical  analysis 

For  comparisons  between  more  than  two  groups,  parametric  or  non- 
parametric  one-way  ANOVA  was  used  followed  by  t-test  corrected  for 
multiple  comparisons.  Gomparisons  between  two  groups  were  per¬ 
formed  using  unpaired  t-test,  or  the  Mann-Whitney  test  Mortality  was 
compared  using  the  log  rank  test  Data  were  expressed  as  mean  +  SEM. 
Statistical  significance  was  set  at  0.05. 

3.  Results 

3.1  tTG  is  upregulated  in  the  pressure- 
overloaded  myocardium  and  is  deposited  in 
the  extracellular  matrix 

qPCR  analysis  showed  that  tTG  expression  is  markedly  upregulated  in  the 
pressure-overloaded  myocardium  after  7  days  of  transverse  aortic  con¬ 
striction  (TAG)  (Figure  1A).  In  contrast  myocardial  expression  of  other 
transglutaminases  (TGI,  TG3,  TG4,  TG5,  TG6,  TG7  and  factor XIIIA)  was 
not  upregulated  following  pressure  overload  (see  Supplementary  material 
online.  Figure  S1).  We  confirmed  the  specificity  of  the  anti-tTG  antibody 
using  tissues  from  WT  and  tTG  KO  mice  (see  Supplementary  material 
online.  Figure  S2).  Immunohistochemical  staining  demonstrated  that  after 
7-28  days  of  TAG,  tTG  was  expressed  in  cardiomyocytes  and  interstitial 
cells  in  the  remodelling  myocardium,  and  was  deposited  in  the  fibrotic 
extracellular  matrix  (Figure  1B-I).  Sections  from  tTG  KO  mice  were 
used  as  negative  controls,  showing  minimal  tTG  immunofluorescence 
(Figure  1D).  Dual  immunofluorescence  localized  intracellular  tTG  in 
cardiomyocytes  (Figure  1H  and  I),  0(-SMA+  myofibroblasts  (Figure  1J)  and 
Mac2+  macrophages  (Figure  1K). 

3.2  Transforming  growth  factor  (TGF)-P 
induces  tTG  synthesis  in  cardiac  fibroblasts 
in  a  Smad3-dependent  manner 

TGF-P1  is  induced  and  activated  in  the  remodelling  pressure-overloaded 
myocardium  and  may  exert  potent  fibrogenic  actions,  inducing  myofi¬ 
broblast  transdifferentiation  and  expression  of  matrix  proteins.^® 
Because  cardiac  myofibroblasts  were  identified  as  a  major  cellular  source 
of  tTG  in  the  remodelling  myocardium,  we  examined  whether  TGF-P 
stimulation  upregulates  tTG  synthesis  in  isolated  cardiac  fibroblasts. 
TGF-P1  (25ng/mL)  induced  a  2.0-fold  increase  in  tTG  mRNA  expres¬ 
sion  by  cardiac  fibroblasts  after  4  h  of  stimulation  (Figure  1L).  The  effects 
of  TGF-P  were  abrogated  in  Smad3  null  cardiac  fibroblasts,  suggesting 
that  TGF-P-induced  tTG  upregulation  is  Smad-dependent  (Figure  1L). 
Although  tTG  was  theTG  showing  the  highest  level  of  expression  in  car¬ 
diac  fibroblasts,  TG4  was  also  expressed.  Expression  levels  ofTGI,  TG3, 
TG5,  TG6,  TG7  and  FXIIIA  were  very  low  and  were  not  upregulated 
upon  stimulation  with  TGF-pi  (see  Supplementary  material  online. 


Figure  S3A-H).  Dual  staining  combining  pan-cadherin  fluorescence  to 
label  the  cytoplasmic  membrane  and  tTG  staining  also  showed  tTG  ex¬ 
pression  in  cardiac  fibroblasts  and  documented  release  into  the  extracel¬ 
lular  matrix  upon  stimulation.  Stimulation  with  serum,  or  TGF-P1 
increased  the  intensity  of  tTG  immunofluorescence  and  induced  release 
of  immunoreactive  tTG  into  the  surrounding  matrix  (see  Supplementary 
material  online.  Figure  S4).  Gells  from  tTG  KO  hearts  were  used  as  a 
negative  control  and  showed  negligible  immunofluorescence  (see 
Supplementary  material  online.  Figure  54). 

3.3  TGF-(31  induces  tTG  upregulation  in 
mouse  macrophages  through  a  Smad- 
independent  pathway 

Because  tTG  was  localized  in  a  subset  of  macrophages  in  the  pressure- 
overloaded  heart  (Figure  1K),  we  examined  whether  cytokine  stimulation 
upregulates  tTG  expression  in  mouse  macrophages.  TGF-pi,  but  not 
IL-ip  stimulation  induced  tTG  synthesis  is  mouse  splenic  macrophages 
harvested  from  WT  or  Smad3  KO  animals  (Figure  fA'I),  suggesting  that 
TGF-pi-induced  tTG  upregulation  is  mediated  through  a  Smad3- 
independent  pathway.  Macrophages  harvested  from  the  pressure  over¬ 
loaded  heart  after  7  days  of  TAG  showed  significantly  higher  levels  of 
tTG  expression  in  comparison  to  mouse  splenic  macrophages  (Figure 
1M).  tTG  was  the  highest  expressed  TG  in  splenic  macrophages  (see 
Supplementary  material  online.  Figure  53/).  Macrophages  also  expressed 
lower  levels  of  TG4  and  FXIIIA;  other  TGs  were  not  detected  (see 
Supplementary  material  online.  Figure  S3J  and  K).  TGF-P1  and  IL-ip 
stimulation  did  not  significantly  modulate  macrophage  TG4  and  FXIII  ex¬ 
pression  (see  Supplementary  material  online,  Figure  S3J  and  K). 

3.4  tTG  loss  does  not  significantly  affect 
baseline  cardiac  morphology  and  function 

Although  both  WT  and  tTG  KO  mice  were  normoglycemic,  tTG  KOs 
had  lower  fasting  blood  glucose  levels  (see  Supplementary  material  on¬ 
line,  Figure  S5A).  Systolic  and  diastolic  blood  pressure  was  comparable 
between  groups  (see  Supplementary  material  online,  Figure  556).  tTG 
absence  had  no  effects  on  baseline  cardiac  morphology  and  did  not  affect 
cardiac  geometry  and  systolic  function.  Mitral  inflow  Doppler  and  tissue 
Doppler  imaging  showed  no  significant  effects  of  tTG  loss  on  baseline 
diastolic  function  (see  Supplementary  material  online.  Figure  55). 

3.5  tTG  null  mice  exhibit  increased 
mortality  following  pressure  overload 

tTG-/-  (n  =  129)  and  WT  mice  (n=128)  underwent  TAG  protocols. 
Garotid  flow  ratio  after  TAG  was  comparable  between  groups  (WT, 
7.14  +  0.23;  KO,  7.16  +  0.3;  P=NS)  indicating  comparable  pressure 
load.  Sham  WT  and  KO  mice  had  comparable  carotid  flow  ratios  before 
and  after  the  procedure  (WT  sham;  pre,  0.96  +  0.05  and  post, 
1.05  +  0.30;  KO  sham:  pre,  1.2  +  0.26  and  post,  1.08  +  0.04,  P=NS). 
When  compared  with  WT  animals,  tTG  KO  mice  had  significantly 
increased  mortality  following  pressure  overload  (P<0.01,  Figure  2A). 
There  were  no  deaths  in  sham  animals  (WT,  n  =  31 ;  KO,  n  =  39). 

3.6  tTG  absence  is  associated  with 
accentuated  dilative  remodelling  of  the 
pressure-overloaded  heart 

After  28  days  of  pressure  overload,  tTG  null  mice  exhibited  marked  ven¬ 
tricular  dilation,  evidenced  by  markedly  higher  LVEDD,  LVESD,  LVEDV 
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Figure  I  tTG  regulation  and  localization  in  the  pressure-overloaded  myocardium.  (A)  qPCR  analysis  demonstrated  marked  tTG  mRNA  upregulation  in 
the  pressure-overloaded  myocardium  after  7  days  of  TAG  (*P<0.05  vs.  corresponding  sham;  T<  0.05  vs.  3-day  sham;  n  =  5-1 2/group).  (B-G) 
Immunohistochemical  staining  demonstrated  tTG  localization  in  cardiomyocytes,  interstitial  matrix,  and  interstitial  cells  in  the  pressure-overloaded  heart  after 
7-28  days  of  TAG.  The  specificity  of  the  anti-tTG  antibody  was  validated  using  tissues  from  WT  and  tTG  KO  animals  (see  Supplementary  material  online, 
Figure  52).  In  sham  WT  myocardium,  tTG  was  expressed  in  cardiomyocytes  and  vascular  cells  (arrows).  In  the  pressure-overloaded  myocardium,  tTG  was  highly 
expressed  in  a  subset  of  cardiomyocytes  (white  arrows),  was  localized  in  interstitial  cells  (arrowheads),  and  was  deposited  in  the  perivascular  extracellular  matrix 
(black  arrows)  after  7-28  days  of  TAG.  Sections  from  pressure-overloaded  tTG  KO  (D)  hearts  showed  minimal  immunoreactivity  (despite  evidence  of  extensive 
fibrotic  remodelling — arrows)  and  served  as  negative  controls.  Significant  heterogeneity  in  cardiomyocyte  tTG  expression  was  noted  in  the  pressure  overloaded 
myocardium  with  some  cells  (white  arrows,  F)  exhibiting  very  high  levels  of  immunoreactivity.  (H  and  I)  Dual  immunofluorescence  for  tT G  and  WGA  localized 
tTG  (green)  in  cardiomyocytes  (arrowheads)  and  in  the  WGA-positive  interstitial  matrix  (arrows — orange).  (/)  tTG  immunoreactivity  was  also  noted  in  a  subset 
of  infiltrating  spindle-shaped  myofibroblasts  (arrows — orange),  identified  with  ot-SMA  staining  (red).  (K)  A  subset  of  interstitial  macrophages  (orange — arrows), 
stained  with  Mac2  (red)  also  expressed  tTG  (green).  Please  note  that  cardiomyocytes  adjacent  to  areas  of  fibrosis  are  intensely  positive  fortTG  (arrowheads). 
(L)  TGF-P  stimulation  upregulated  tTG  in  cardiac  fibroblasts  through  Smad-dependent  signalling.  In  cardiac  fibroblasts  harvestedfromWT  hearts,  TGF-pi  stimu¬ 
lation  (25  ng/ml  for  4h)  induced  tTG  mRNA  upregulation  (*P<  0.05  vs.  control,  n  =  6-9).  In  contrast,  no  significant  tTG  upregulation  was  noted  in  TGF-pi- 
stimulated  Smad3-/-  (S3KO)  fibroblasts  (P=  NS,  n  =  6-9).  (/VI)  In  isolated  splenic  macrophages,  TGF-pi,  but  not  IL-ip  induced  tTG  in  both  WT  and  Smad3  KO 
cells.  Macrophages  harvested  from  the  pressure-overloaded  (PO)  myocardium  after  7  days  of  TAG  had  higher  tTG  expression  levels  than  control  splenic 
macrophages  (*P  <  0.01 ,  **P  <  0.01  vs.  corresponding  controls;T  <  0.01  vs.  WT  C,n  =  9-1 5/group).  Scale  bar  =  40  pm. 
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Figure  2  tTG  loss  increases  mortality  and  dilative  ventricular  remodelling,  but  protects  from  the  development  of  diastolic  dysfunction  following  pressure 
overload.  (A)  When  compared  with  WT  animals,  tTG  KO  mice  had  increased  mortality  following  pressure  overload  (P<  0.01;  WT,  n=  129;  tTG  KO,  n  =  128, 
log-rank  test).  (B-E)  tTG  KO  mice  had  increased  dilative  remodelling  after  28  days  of  TAG,  exhibiting  significantly  higher  LVEDD  (6),  LVESD  (Q,  LVEDV  (D) 
and  LVESV  (£)  in  comparison  to  WT  animals  (**P<  0.01  vs.  corresponding  WT,  n  =  13-18/group,  one-way  ANOVA  followed  by  Sidak's  test).  (P)  tTG  KO 
mice  had  attend  towards  reduced  ejection  fraction  after  28  days  of  TAG.  (G)  Both  WT  and  tTG  KO  mice  exhibited  cardiac  hypertrophy  following  pressure 
overload  ^  <  0.05,T  <  0.01  vs.  corresponding  baseline  values,  Kruskal-Wallis  test).  tTG  KO  mice  had  trends  towards  increased  anterior  wall  thickness  after 
7-28  days  of  TAG.  (H  and  /)  Both  heart  weight  and  heart  weightbody  weight  ratio  was  increased  in  both  WT  and  tTG  KO  animals  following  pressure  overload 
(**P<  0.01  vs.  corresponding  sham,  Kruskal-Wallis  test).  KO  mice  had  significantly  increased  heart  weight  and  a  trend  towards  an  increase  in  HW;BW  after 
28  days  of  TAG.  (/)  Lung  weightbody  weight  ratio  was  also  significantly  increased  in  both  WT  and  tTG  KO  mice  after  7-28  days  of  TAG  indicating  the  develop¬ 
ment  of  heart  failure  (*P  <  0.05,  **P  <  0.01  vs.  sham,  n  =  1 2-28/group,  Kruskal-Wallis  test).  However,  no  significant  differences  in  lung  weight  were  noted  be¬ 
tween  WT  and  tTG  KO  groups.  (K  and  L)  tTG  loss  attenuated  diastolic  dysfunction  in  the  pressure  overloaded  myocardium.  (K)  Pressure;Volume  analysis  in 
isolated  perfused  hearts  showed  that  tTG  KO  mice  had  a  rightward  shift  of  the  curve.  (L)  Following  TAG,  chamber  stiffness  was  significantly  higher  in  WT  ani¬ 
mals  when  compared  with  tT G  KOs  (*P  <  0.05,  n  =  6-8/group,  ANOVA  followed  by  Sidak's  test). 
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and  LVESV  in  comparison  to  WT  animals  (Figure  2B-E).  Accentuated 
dilative  remodelling  in  pressure-overloaded  tTG  KO  mice  was  not  asso¬ 
ciated  with  a  significant  deterioration  in  systolic  function  (Figure  2F).  Both 
WT  and  tTG  KO  mice  exhibited  marked  hypertrophic  changes  following 
pressure  overload,  showing  increases  in  LVAWTd,  in  heart  weight,  and 
in  the  heart  weight:  body  weight  ratio  after  7  and  28  days  of  TAG  (Figure 
2G-1).  tTG  null  mice  showed  a  trend  towards  increased  hypertrophic  re¬ 
modelling  after  7  and  28  days  of  TAG  (Figure  2G-I).  Lung  weight:body 
weight  ratio  after  TAG  was  comparable  between  groups  (2J). 
Pressure:volume  loop  analysis  in  pressure-overloaded  hearts  using  a 
Langendorff  system  showed  that  after  28  days  of  TAG,  tTG  KO  hearts 
were  more  compliant  than  corresponding  WT  hearts,  suggested  by  sig¬ 
nificantly  lower  chamber  stiffness  (Figure  2K  and  L).  Thus,  tTG  loss 
enhanced  chamber  dilation  and  systolic  dysfunction,  but  increased  ven¬ 
tricular  compliance  and  attenuated  diastolic  dysfunction  following  pres¬ 
sure  overload. 

3.7  tTG  loss  does  not  affect  cardiomyocyte 
apoptosis  following  pressure  overload 

Next  we  examined  whether  accentuated  dilation  in  pressure- 
overloaded  tTG  null  hearts  was  due  to  increased  cardiomyocyte 
apoptosis.  We  identified  rare  apoptotic  cells  in  the  pressure-overloaded 
myocardium.  Dual  fluorescence  combining  WGA  histochemistry  to 
outline  cardiomyocytes  and  TUNEL  showed  that  the  majority  of 
apoptotic  cells  were  interstitial  cells.  After  3,  7  and  28  days  of  TAG,  tTG 
null  and  WT  mice  had  comparable  numbers  of  apoptotic  cardiomyo¬ 
cytes  and  non-cardiomyocytes  (see  Supplementary  material  online. 
Figure  S6). 

3.8  Effects  of  tTG  loss  on  collagen 
deposition  in  the  pressure-overloaded 
myocardium 

Alterations  in  composition  of  the  interstitial  matrix  critically  regulate 
geometric  remodelling  of  the  ventricle.  Chamber  dilation  is  often  associ¬ 
ated  with  accentuated  matrix  degradation,  whereas  deposition  of  cross- 
linked  collagen  in  the  cardiac  interstitium  causes  diastolic  dysfunction. 
Accordingly,  we  examined  whether  the  geometric  and  functional 
changes  in  pressure-overloaded  tTG  null  hearts  are  associated  with  al¬ 
terations  in  collagen  deposition  and  remodelling. 

We  used  light  microscopy,  polarized  microscopy  and  biochemical 
analysis  to  assess  collagen  deposition  and  structure  in  the  remodelling 
myocardium  (Figure  3A-I).  Quantitative  analysis  of  total  collagen  staining 
showed  no  significant  effects  of  tTG  loss  on  the  collagen-stained  area 
after  7-28  days  of  TAG  (Figure  3B  and  Q.  Assessment  of  green  and 
orange-red  collagen  fibres  (reflecting  thinner  and  thicker  collagen  fibres, 
respectively)  using  polarized  light  showed  no  significant  differences  be¬ 
tween  WT  and  tTG  KO  mice  (Figure  3D  and  £).  Biochemical  analysis 
showed  that  in  WT  mice,  pressure  overloaded  hearts  had  markedly 
higher  levels  of  total  collagen,  insoluble  collagen,  and  an  increased  ratio 
of  insoluble:soluble  and  insolubleitotal  collagen  (Figure  3F-I).  In  contrast, 
in  pressure-overloaded  tTG  KO  hearts,  no  statistically  significant  in¬ 
crease  in  collagen  and  insoluble  collagen  levels  was  noted  in  comparison 
to  sham  hearts. 


3.9  tTG  absence  is  associated  with 
increased  MMP2  activity  and  accentuated 
expression  of  cross-linking  enzymes  in  the 
pressure-overloaded  myocardium 

Zymography  demonstrated  that  tTG  null  hearts  had  increased  levels  of 
active  MMP2  after  28  days  of  TAG,  when  compared  with  WT  hearts 
(Figure  4A  and  6).  Accentuated  MMP  activity  in  tTG  null  hearts  was  not 
due  to  significantly  higher  MMP2  mRNA  levels  (Figure  4Q.  tTG  loss  was 
associated  with  a  significant  accentuation  in  expression  of  the  matrix 
cross-linking  enzymes  lysyl  oxidase-like  (LOXL)1,  LOXL2  and  LOXL4. 
(**P  <  0.01  vs.  corresponding  WT).  In  contrast,  LOX  and  LOXL3  expres¬ 
sion  was  comparable  between  WT  and  tTG  KO  animals  (Figure  4[)-H). 

3.10  Pressure-overloaded  tTG  null  hearts 
have  a  higher  number  of  non-cardiomyocytes 
than  WT  hearts,  exhibiting  increased  macro¬ 
phage  and  myofibroblast  density 

Hematoxylin/eosin  staining  demonstrated  that  tTG  KO  hearts  had  a 
highly  cellular  interstitium  after  7-28  days  of  pressure  overload  (see 
Supplementary  material  online,  Figure  S7).  We  compared  the  cellular 
composition  of  the  interstitium  between  pressure-overloaded  WT  and 
tTG  null  hearts  using  two  independent  techniques:  flow  cytometry  and 
immunohistochemistry.  Flow  cytometric  analysis  of  non-cardiomyocytes 
harvested  from  pressure-overloaded  hearts  (Figure  5A-F)  demonstrated 
that  after  7  days  of  TAG,  tTG  KO  mice  had  higher  cellular  content  (Figure 
5Q,  increased  number  of  CD45+  hematopoietic  cells  (Figure  5D),  more 
a-smooth  muscle  actin  (SMA)+/collagen  1+  myofibroblasts  (Figure  SE), 
but  comparable  numbers  of  CD31  + endothelial  cells  (Figure  5F).  Flow 
cytometric  findings  were  supported  by  immunohistochemical  studies: 
tTG  KO  hearts  had  higher  numbers  of  Mac2+ macrophages  and  a- 
SMA+  myofibroblasts  after  7  and  28  days  of  TAG  (Figure  6).  Taken  to¬ 
gether,  the  quantitative  analysis  of  collagen  content  (Figure  3)  and  the  flow 
cytometric,  histological  and  immunohistochemical  study  of  the  cellular  in¬ 
filtrate  (Figures  5  and  6;  see  Supplementary  material  online.  Figure  ST)  sup¬ 
ported  the  notion  that  tTG  loss  is  associated  with  a  hypercellular 
interstitium  that  contains  lower  amounts  of  collagen,  findings  consistent 
with  a  matrix-degrading  environment. 

3.11  Accentuated  MMP  activity  in  tTG  null 
hearts  is  not  due  to  changes  in  macrophage 
or  fibroblast  MMP  synthesis 

Recently,  tTG  has  been  proposed  as  a  specific  marker  for  M2  macro¬ 
phages  that  is  conserved  between  species;^^  however,  its  role  in  modula¬ 
tion  of  macrophage  phenotype  remains  unknown.  In  order  to  examine 
whether  the  effects  of  tTG  on  cardiac  remodelling  are  mediated 
through  alterations  in  macrophage  phenotype  we  harvested  myocardial 
CD11b+ myeloid  cells  from  WT  and  tTG  KO  mice  undergoing 
TAG  protocols.  CD11b+  macrophages  isolated  from  tTG  null  animals 
exhibited  lower  levels  of  MMP2  and  MMP9  expression  and  comparable 
MMP3  and  T1MP1  expression  (see  Supplementary  material  online, 
Figure  S8).  Moreover,  fibroblasts  isolated  from  tTG  KO  hearts  also 
expressed  lower  MMP2  mRNA  levels  than  WT  cells  (see 
Supplementary  material  online.  Figure  S9).  The  findings  suggested  that 
the  increased  MMP2  activity  observed  in  pressure-overloaded  tTG  null 
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Figure  3  Effects  of  tTG  loss  on  collagen  deposition  in  the  pressure-overloaded  myocardium.  (A)  Light  microscopy  (1)  of  sirius  red-stained  sections  and 
polarized  light  microscopy  (p)  were  used  to  study  the  distribution  and  birefringence  of  collagen  fibres  in  sham  and  pressure-overloaded  myocardium 
(arrows).  (6  and  Q  Quantitative  analysis  showed  that  in  both  WT  and  tTG  KO  animals,  pressure  overloaded  hearts  had  significantly  increased  collagen- 
stained  area  (P  <  0.05, "P  <  0.01  vs.  corresponding  sham,  Kruskal-Wallis  test,  n  =  6-14/group)  after  7-28  days  of  TAG.  No  significant  differences  were  noted 
in  total  collagen  content  (B  and  C)  and  in  the  amount  of  thinner  green  (D)  and  thicker  orange-red  (£)  collagen  fibres  between  WT  and  tTG  KO  groups.  (F-l) 
A  hydroxyproline  biochemical  assay  showed  that  after  28  days  of  TAG,  WT  animals  exhibited  a  significant  increase  in  total  myocardial  collagen  content  (f), 
insoluble  collagen  (G),  insolublelotal  collagen  (H)  and  insolubleisoluble  collagen  (/)  when  compared  with  sham  mice  (*P<0.05  vs.  sham,  n  =  6-9/group, 
Kruskal-Wallis  test),  in  comparison  to  corresponding  sham  animals,  tTG  KO  mice  had  no  significant  increase  in  total  collagen  content  after  28  days  of  pres¬ 
sure  overload  and  no  significant  increase  in  the  fraction  of  insoluble  collagen.  The  findings  suggest  that  tTG  loss  may  impair  collagen  cross-linking  in  the  pres¬ 
sure-overloaded  myocardium. 
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Figure  4  tTG  loss  increases  myocardial  MMP2  activity  and  is  associated  with  accentuated  upregulation  of  LOXL1,  LOXL2  and  LOXL4  in  the  pressure- 
overloaded  myocardium.  (A  and  6)  Zymography  demonstrated  that  after  28  days  of  pressure  overload  tTG  KO  animals  had  increased  myocardial  MMP2  ac¬ 
tivity  when  compared  with  WT  animals  (*P  <  0.05  vs.  WT,  n  =  6-7/group,  unpaired  t-test).  (C)  increased  MMP2  activity  in  tTG  null  hearts  was  not  due  to 
increased  MMP2  transcription.  After  28  days  of  TAG,  MMP2  mRNA  levels  were  comparable  between  WT  and  tTG  KO  hearts  (**P<  0.01  vs.  corresponding 
sham,  Kruskal-Wallis  test,  n  =  6-12/group).  (D-H)  tTG  absence  had  significant  effects  on  expression  of  matrix  cross-linking  genes  in  the  pressure  over¬ 
loaded  myocardium  (P<  0.05,T<  0.01  vs.  corresponding  shams).  In  comparison  to  corresponding  WT  animals,  tTG  KO  mice  had  significantly  increased 
LOXL1,  LOXL2  and  LOXL4  mRNA  levels  after  3-28  days  of  TAG  (*P<  0.05,  **P<  0.01,  n  =  6-17/group,  parametric  ANOVA  followed  by  Sidak’s  test  or 
Kruskal-Wallis  test). 
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Figure  5  tTG  loss  is  associated  with  increased  infiltration  of  the  remodelling  myocardium  with  non-cardiomyocytes.  (A  and  B)  Representative  flow 
cytometry  identifying  CD45+  hematopoietic  cells  (A)  and  a-SMA/collagen-expressing  myofibroblasts  (6)  in  the  remodelling  myocardium  after  7  days  of 
TAG.  (C-F)  Quantitative  analysis  of  flow  cytometry  data  showed  that  tTG  KO  mice  had  increased  numbers  of  interstitial  cells  (Q,  GD45+  hematopoietic 
cells  (D),  a-SMA+/collagen+  myofibroblasts  (£),  but  comparable  numbers  of  CD31  +  endothelial  cells  (F)  after  7  days  of  pressure  overload  (**P  <  0.01  vs. 
WT,  n  =  3/group,  unpaired  t-test). 


hearts  was  not  due  to  modulation  of  macrophage  or  fibroblast  MMP2 
mRNA  synthesis. 

3.12  tTG  loss  does  not  affect  TGF-P- 
mediated  activation  of  Smad2/3  signalling 

tTG  has  been  implicated  in  TGF-P  activation.^®’^^  Accordingly,  we  asked 
whethertTG  loss  affects  TGF-P-induced  Smad2/3  activation.  Western  blot¬ 
ting  experiments  demonstrated  that  WT  and  tTG  KO  cardiac  fibroblasts 
had  comparable  activation  of  Smad2  signalling  (evidenced  through  a  marked 


increase  in  Smad2  phosphorylation),  upon  stimulation  with  TGF-P1  for 
5-30  min.  Moreover,  in  fibroblasts  cultured  in  collagen  pads,  tTG  KO  cells 
and  WT  cells  had  comparable  p-Smad2  immunoreactivity  after  24  h  of 
stimulation  with  TGF-pi  (see  Supplementary  material  online.  Figure  S10). 

3.13  tTG  loss  is  associated  with  increased 
fibroblast  proliferative  activity 

Using  an  in  vitro  proliferation  assay,  we  found  that  tTG  KO  fibroblasts 
had  markedly  increased  proliferative  activity  upon  stimulation  with 
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Figure  6  Immunohistochemical  staining  demonstrates  that  tTG  KO  animals  have  increased  macrophage  density  and  enhanced  myofibroblast  infiltration 
after  7-28  days  of  TAG.  (A-F)  Mac2  immunohistochemistry  (black)  v/as  used  to  identify  macrophages  in  the  remodelling  myocardium  of  WT  (A-Q  and 
tTG  KO  animals  (D-F)  (arrows).  WT  (A)  and  tTG  KO  (D)  sham  hearts  exhibited  small  populations  of  Mac2+  macrophages.  Intense  infiltration  with  macro¬ 
phages  was  noted  in  perivascular  and  interstitial  areas  after  7-28  days  of  TAG.  tTG  KO  mice  (£  and  F)  exhibited  more  intense  infiltration  than  WT  animals 
(6  and  Q.  It  should  be  noted  that  in  the  pressure-overloaded  myocardium,  a  subset  of  cardiomyocytes  exhibits  Mac2  immunoreactivity^^  (arrowhead).  For 
quantitative  analysis,  only  cells  with  interstitial  localization  are  identified  as  macrophages  (arrows).  (G-L)  Immunohistochemical  staining  for  a-SMA  was  used 
to  identify  myofibroblasts  in  the  pressure  overloaded  myocardium  of  WT  (G-l)  and  tTG  KO  mice  (J-L)  as  immunoreactive  cells  located  outside  the  vascular 
media.  In  sham  WT  (G)  and  tTG  KO  (/)  animals  a-SMA  immunoreactivity  was  exclusively  localized  in  vascular  smooth  muscle  cells  (arrowheads).  After 
7-28  days  ofTAC,  both  WT  (H  and  /)  and  tTG  KO  (K  and  L)  mice  exhibited  infiltration  with  a-SMA-F  interstitial  myofibroblasts  (arrows).  Myofibroblast  infil¬ 
tration  was  more  intense  in  tTG  KO  animals  (K  and  L).  Quantitative  analysis  showed  that  macrophage  density  (M)  and  myofibroblast  density  (N)  was  mark¬ 
edly  higher  in  tTG  KO  animals  after  7-28  days  of  pressure  overload  (**P<0.01  vs.  corresponding  WT,  n  =  7-9/group,  Kruskal-Wallis  test)  (Scale 
bar  =  50  pm;  counterstained  with  eosin). 
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serum  (Figure  7 A).  Experiments  in  fibroblasts  cultured  in  collagen  pads 
(Figure  7B)  provided  further  support  to  the  role  of  intracellular  tTG  in 
inhibition  of  proliferative  activity.  Collagen  pads  populated  with  tTG 
KO  cells  had  higher  fibroblast  density  upon  stimulation  with  serum 
(Figure  70). 

3.14  Matrix-bound  tTG  enhances  TIMP-1 
expression  by  cardiac  fibroblasts  through  a 
non-enzymatic  pathway 

In  order  to  test  the  hypothesis  that  extracellular  tTG  may  modulate  fibro¬ 
blast  phenotype,  we  examined  the  effects  of  matrix-bound  recombinant 
tTG  (rtTG)  on  gene  expression  by  cardiac  fibroblasts  populating  collagen 
pads.  When  incorporated  into  the  matrix,  tTG  induced  TIMP1  mRNA 
expression  in  both  WT  and  tTG  KO  cardiac  fibroblasts  (Figure  7D), 
suggesting  the  role  of  extracellular  tTG  actions  in  modulating  fibro¬ 
blast  profile.  Matrix-bound  tTG  did  not  significantly  modulate  MMP2 
mRNA  expression  in  WT,  or  in  tTG  KO  fibroblasts  (Figure  7D). 
Immunofluorescent  staining  confirmed  that  rtTG  increases  T1MP1  immu- 
noreactivity  in  fibroblasts  populating  collagen  pads  (Figure  7E).  Antibody 
neutralization  experiments  demonstrated  that  the  effects  of  rtTG  were 
independent  of  pi  integrin  activation  (Figure  7F).  Inactive  Cys277Ser- 
mutant  recombinant  tTG  (itTG)  with  a  point  mutation  in  the  catalytic 
centre  also  increased  fibroblast  TlMP-1  synthesis,  documenting  that  this 
effect  is  transamidase-independent  (Figure  7G). 

4.  Discussion 

We  document  for  the  first  time  a  critical  role  for  endogenous  tTG  in  car¬ 
diac  remodelling.  We  demonstrate  that  tTG  is  markedly  upregulated  in 
the  pressure-overloaded  myocardium.  tTG  loss  has  profound  effects  on 
the  ventricular  response  to  a  pressure  load,  attenuating  diastolic  dysfunc¬ 
tion,  while  increasing  mortality  and  accentuating  chamber  dilation.  The 
effects  of  tTG  absence  are  not  due  to  actions  on  cardiomyocyte  survival, 
but  reflect  activation  of  a  proliferative  phenotype  in  cardiac  fibroblasts 
and  modulation  of  matrix  metabolism  resulting  in  overactive  matrix¬ 
degrading  pathways. 

Most  cell  types  are  capable  of  producing  tTG;  vascular  cells,  fibro¬ 
blasts  and  M2  macrophages  have  been  identified  as  important  sources  of 
tTG  in  vitro  and  in  vivo}'^'^^^^  Neonatal  rat  cardiomyocytes  constitutively 
express  tTG;  its  expression  is  upregulated  upon  stimulation  with  endo- 
thelin-1  or  reactive  oxygen  species.^^  Published  evidence  suggests  that 
tTG  is  markedly  upregulated  in  experimental  rat  models  of  heart  failure 
due  to  pressure  or  volume  overload;^^’^®  its  expression  is  associated 
with  transition  to  heart  failure.  Our  experiments  show  persistent  tTG 
upregulation  in  the  remodelling  mouse  myocardium  after  7-28  days  of 
pressure  overload  and  suggest  that  tTG  is  localized  in  cardiomyocytes, 
interstitial  cells  and  in  the  remodelling  extracellular  matrix  (Figure  1). 

Oxidative  stress,  growth  factors,  and  cytokines  are  activated  in  the  re¬ 
modelling  heart,^®  and  are  capable  of  inducing  tTG  transcription  in  vari¬ 
ous  cell  types.®  TGF-P,  a  prominent  mediator  in  cardiac  remodelling  and 
fibrosis®®  has  been  shown  to  exert  cell-specific  actions  on  tTG  expres¬ 
sion,  increasing  its  transcription  in  fibroblasts  and  many  other  cell  types, 
but  downregulating  tTG  synthesis  in  epithelial  cells.®  Our  experiments 
demonstrate  that  TGF-P1  induces  tTG  upregulation  in  isolated  cardiac 
fibroblasts  through  activation  of  Smad3  signalling  (Figure  1L).  In  macro¬ 
phages,  TGF-pi,  but  not  the  pro-inflammatory  cytokine  lL-1  P  stimulated 
tTG  synthesis;  however  the  effects  of  TGF-P  were  independent  of 
Smad3  (Figure  1M). 


In  order  to  explore  the  role  of  tTG  in  cardiac  remodelling,  we  studied 
the  effects  of  tTG  gene  disruption  on  the  pressure-overloaded  myocar¬ 
dium.  Baseline  blood  pressure,  left  ventricular  geometry,  systolic  and  dia¬ 
stolic  function  were  not  affected  by  tTG  loss.  FHowever,  following 
pressure  overload  tTG  null  animals  exhibited  significantly  increased  mor¬ 
tality  when  compared  with  WT  controls,  associated  with  accentuated 
chamber  dilation  (Figure  2B-E).  Both  WT  and  tTG  KO  animals  had 
marked  increases  in  heart  and  lung  weight  following  pressure  overload, 
suggesting  comparable  severity  of  heart  failure,  despite  increased  dilative 
remodelling  of  tTG  null  hearts.  This  may  reflect  the  attenuated  diastolic 
dysfunction  observed  in  tTG  KO  animals  (Figure  2K  and  L);  the  adverse 
effects  of  tTG  loss  on  cardiac  geometry  may  be  counterbalanced  by 
beneficial  actions  that  reduce  chamber  stiffness. 

The  effects  of  tTG  on  function  and  remodelling  of  the  pressure- 
overloaded  heart  may  reflect  a  wide  range  of  actions  on  many  cell  types 
and  effects  on  the  cardiac  extracellular  matrix.  Because  tTG  has  been 
implicated  in  the  regulation  of  cellular  apoptosis,®^'®®  we  examined 
whether  worse  remodelling  in  tTG  KO  hearts  is  due  to  loss  of  pro- 
survival  signalling  and  subsequent  apoptotic  death  of  cardiomyocytes. 
TUNEL  staining  demonstrated  that  apoptotic  cardiomyocytes  were  rare 
in  the  pressure-overloaded  heart,  and  their  number  was  not  affected  by 
the  absence  of  tTG  (see  Supplementary  material  online,  Figure  S6). 
However,  despite  comparable  loss  of  cardiomyocytes,  tTG  KO  mice  ex¬ 
hibited  significant  alterations  in  the  cardiac  interstitium  following  pres¬ 
sure  overload.  We  used  three  different  methods  to  examine  the  effects 
of  tTG  loss  on  collagen  deposition  in  the  remodelling  myocardium.  Both 
light  microscopy  and  quantitative  analysis  of  birefringence  with  polarized 
light  microscopy  showed  no  significant  differences  in  collagen  deposition 
between  WT  and  tTG  KO  animals  (Figure  3).  Using  a  biochemical  assay 
we  found  that  pressure  overload  induced  a  significant  increase  in  total 
and  insoluble  collagen  in  the  remodelling  myocardium.  In  contrast  to 
WT  animals,  tTG  null  mice  did  not  exhibit  an  increase  in  insoluble  colla¬ 
gen  content  following  pressure  overload  (Figure  3G-H),  presumably  re¬ 
flecting  the  loss  of  the  matrix  cross-linking  effects  of  tTG.  Moreover, 
zymography  showed  that  tTG  absence  significantly  enhanced  MMP2  acti¬ 
vation  in  the  remodelling  myocardium  (Figure  4A  and  6).  Both  flow 
cytometry  and  immunohistochemistry  demonstrated  that  tTG  KO  mice 
had  markedly  increased  numbers  of  interstitial  myofibroblasts  in  the  re¬ 
modelling  myocardium  (Figures  5  and  6).  tTG  absence  also  increased  ex¬ 
pression  of  LOXL1,  LOXL2  and  LOXL4  in  the  pressure-overloaded 
myocardium.  Recently  published  evidence  suggested  that  LOXL2  stimu¬ 
lates  cardiac  fibroblasts  promoting  myofibroblast  transdifferentiation 
and  migratory  activity.®^  Accentuated  expression  of  lysyl  oxidases  in  the 
absence  of  tTG  may  be  responsible,  at  least  in  part,  for  the  observed  ex¬ 
pansion  of  the  myofibroblast  population  in  the  interstitium  of  pressure- 
overloaded  tTG  KO  hearts. 

Increased  cellularity,  impaired  matrix  cross-linking  and  enhanced 
MMP  activity  may  explain  the  geometric  and  functional  consequences  of 
tTG  loss  on  the  remodelling  heart.  The  abundance  of  interstitial  cells, 
increased  matrix-degrading  activity,  and  reduced  deposition  of  cross- 
linked  collagen  may  on  one  hand  improve  compliance  and  attenuate  dia¬ 
stolic  dysfunction,  while  promoting  dilative  ventricular  remodelling. 

What  is  the  cell  biological  basis  for  the  effects  of  tTG  on  the  re¬ 
modelling  myocardium?  Effects  of  tTG  on  fibroblast  phenotype  and  func¬ 
tion  have  been  previously  reported.  tTG  may  affect  fibroblast  function 
by  modulating  grov/th  factor-stimulated  signalling  cascades.  Experiments 
in  human  fibroblasts  have  demonstrated  that  cell  surface  tTG  facilitates 
platelet-derived  growth  factor  signalling.®^  Moreover,  a  role  for  tTG  in 
activation  and  induction  of  the  TGF-fi  response  has  been  suggested.®®'^® 
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Figure  7  Actions  of  matrix-bound  tTG  on  cardiac  fibroblasts.  (A-Q  Loss  of  intracellular  tTG  increases  fibroblast  proliferative  activity.  Using  a  BrdU  prolif¬ 
eration  assay,  we  found  that  tTG  KO  cardiac  fibroblasts  had  significantly  higher  proliferative  activity  than  WT  cells  at  baseline  and  after  stimulation  with 
serum  (S)  (**P  <  0.01  vs.  corresponding  WT,  n  =  30,  one-way  ANOVA  followed  by  Sidak’s  test).  (6  and  Q  The  effects  of  tTG  in  suppression  of  fibroblast 
proliferation  were  supported  by  experiments  in  fibroblasts  populating  collagen  pads.  Fibroblasts  were  identified  using  sirius  red  staining  (B,  scale 
bar  =  50  pm).  Incubation  with  serum,  TGF-p,  or  bFGF  increased  cell  density  in  pads  populated  with  WT  or  tTG  KO  cells  (*P<  0.05,  **P<  0.01  vs.  corres¬ 
ponding  control,  Kruskal-Wallis  test).  Upon  serum  stimulation,  pads  populated  with  tTG  KO  cells  had  markedly  higher  density  than  pads  stimulated  with 
WT  cells  p<  0.01,  n  =  5,  Kruskal-Wallis  test).  (D)  Extracellular  matrix-bound  rtTG  induces  TIMP-1  synthesis  by  cardiac  fibroblasts  through  both  enzymatic 
and  non-enzymatic  actions.  To  examine  the  effects  of  extracellular  rtTG  on  cardiac  fibroblasts,  we  performed  24-h  tTG  stimulation  experiments  in  fibro¬ 
blasts  populating  collagen  pads.  rtTG  did  not  affect  MMP2  synthesis  in  WT  ortTG  KO  cells.  rtTG  markedly  induced  TIMP-1  mRNA  expression  in  both  WT 
and  tTG  KO  cardiac  fibroblasts  {P<  0.05,T<  0.01  vs.  control,  n  =  10-12/group,  unpaired  t-test).  (£)  Immunofluorescent  staining  showed  that  serum,  TGF- 
pi,  or  rtTG  stimulation  accentuated  TIMP1  immunoreactivity  in  fibroblasts  populating  collagen  pads.  (F)  Incubation  with  an  antibody  to  pi  integrin 
(PlITGAb)  demonstrated  that  the  effects  of  rtTG  were  independent  of  pi  integrin  signalling.  (G)  Stimulation  with  inactive  tTG  with  a  point  mutation  in  the 
catalytic  site  (itTG)  also  induced  TIMP1  in  cardiac  fibroblasts,  suggesting  effects  independent  of  transamidase  activity  (**P<0.01  vs.  control,  one-way 
ANOVA  followed  by  Sidak’s  test). 
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Our  in  vitro  experiments  demonstrated  that  tTG  does  not  play  a  signifi¬ 
cant  role  in  regulation  of  TGF-P  responses  in  cardiac  fibroblasts.  WT 
and  tTG  KO  cells  had  comparable  Smad2  phosphorylation  upon  stimula¬ 
tion  with  TGF-P1  (see  Supplementary  material  online,  Figure  S10). 
However,  tTG  null  cells  exhibited  increased  proliferative  activity  at  base¬ 
line,  and  upon  stimulation  with  serum  (Figure  7).  Accentuated  prolifer¬ 
ation  may  explain  the  abundance  of  interstitial  fibroblasts  in  pressure 
overloaded  tTG  KO  hearts. 

In  order  to  examine  the  effects  of  tTG  in  modulating  behaviour  of 
fibroblasts  in  their  matrix  environment,  we  used  an  in  vitro  model  of  car¬ 
diac  fibroblasts  cultured  in  collagen  pads  enriched  with  tTG.  We  found 
that  matrix-bound  recombinant  tTG  exerts  potent  matrix-preserving  ac¬ 
tions  on  cardiac  fibroblasts.  When  incorporated  into  the  collagenous 
matrix,  tTG  induced  TlMP-1  synthesis  in  both  WT  and  tTG  KO  cells 
(Figure  7).  The  effect  of  tTG  on  T1MP1  expression  by  fibroblasts  is  not 
due  to  enzymatic  actions;  mutant  tTG  that  lacks  transglutaminase  activity 
due  to  a  point  mutation  in  the  active  catalytic  centre  had  similar  effects 
on  cardiac  fibroblasts  populating  collagen  pads  (Figure  7G). 

Our  observations  illustrate  the  critical  role  of  matrix  metabolism  in 
cardiac  remodelling.  In  the  pressure-overloaded  heart,  activation  of 
matrix-preserving  signals  results  in  fibrosis  and  diastolic  dysfunction. 
From  a  theoretical  perspective,  inhibition  of  selected  matrix-preserving 
mechanisms  (such  as  tTG)  seems  an  attractive  therapeutic  approach  to 
reduce  fibrosis  and  to  protect  from  diastolic  heart  failure.  However,  this 
approach  has  significant  risks.  Matrix-preserving  signals  may  exert  pro¬ 
tective  actions  by  providing  much  needed  mechanical  support  to  the 
pressure-overloaded  ventricle.  Thus,  overzealous  inhibition  of  pathways 
involved  in  preservation  of  the  matrix  (such  as  the  complete  loss  of  tTG 
in  mutant  mice)  may  perturb  the  matrix  balance  leading  to  chamber  dila¬ 
tion  and  systolic  dysfunction. 

Supplementary  material 

Supplementary  material  is  available  at  Cardiovascular  Research  online. 
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Acute  heart  failure  syndromes  account  for  more  than 
950,000  annual  emergency  department  visits  in  the  United 
States'  and  represent  a  major  healthcare  burden  in  western 
societies. Virtually  all  patients  with  chronic  heart  failure 
will  experience  at  some  point  an  acute  exacerbation  that 
requires  admission  to  the  hospital."'  Despite  therapeutic 
advances,  acute  heart  failure  remains  a  life-threatening 
condition  with  a  mortality  rate  in  most  registries  ranging 
from  4%  to  7%.  The  rate  of  rehospitalisation  is  also  very 
high;  almost  30%  of  the  patients  are  readmitted  within  3 
months  following  discharge.^  Our  limited  success  in  pre¬ 
venting  recurrent  hospitalisations  in  patients  with  heart 
failure  reflects,  at  least  in  part,  our  superficial  understand¬ 
ing  of  the  pathophysiological  basis  for  the  acute  exacerba¬ 
tions.  Traditional  clinical  experience  teaches  that  acute 
heart  failure  exacerbations  may  be  triggered  by  a  wide 
range  of  precipitating  factors,  both  cardiovascular  (such  as 
ischaemia,  arrhythmic  events,  hypertensive  crises,  etc.) 
and  non-cardiovascular  (including  infections,  anaemia, 
renal  or  pulmonary  disease  and  non-compliance  with  med¬ 
ical  treatment  or  dietary  restrictions).  Although  this  per¬ 
spective  remains  extremely  useful  in  managing  patients 
with  acute  heart  failure,  there  is  a  need  to  deepen  our 
understanding  of  the  underlying  pathophysiological  mech¬ 
anisms,  by  identifying  specific  cellular  events  and  molecu¬ 
lar  signals  that  may  mediate  the  functional  deterioration. 
Understanding  of  the  mechanistic  underpinnings  of  acute 
heart  failure  exacerbations  is  crucial  in  order  to  develop 
new  therapeutic  strategies. 

Prolonged,  excessive  or  dysregulated  activation  of  the 
iimnune  system  has  been  implicated  in  the  pathogenesis 
and  progression  of  chronic  heart  failure.®  The  innate 
iimnune  system  has  evolved  to  protect  multicellular  organ¬ 
isms  from  pathogens  and  to  initiate  a  reparative  response  to 
‘danger  signals’  following  tissue  injury.  Because  the  evolu¬ 
tionary  pressures  that  led  to  the  development  of  innate 
iimnune  responses  were  related  to  protection  from  patho¬ 
genic  organisms  or  traumatic  injury,  responses  to  sterile 
myocardial  injury  may  be  excessive  for  the  delicate  require¬ 
ments  of  the  myocardium.^  Thus,  in  the  heart,  immune 
responses  triggered  by  injurious  stimuli  may  perturb  the 


relation  between  structure  and  function,  leading  to  cata¬ 
strophic  consequences  such  as  cardiomyocyte  death, 
inflammation  and  fibrosis.  Both  experimental  studies  in 
animal  models  and  clinical  investigations  have  suggested 
an  important  role  for  innate  immune  pathways  in  chronic 
heart  failure.  Activation  of  Toll-like  receptors,  the  central 
effectors  of  the  innate  immune  response  has  been  docu¬ 
mented  in  injured  and  failing  hearts  and  has  been  suggested 
to  play  an  important  role  in  cardiac  remodelling.*  Another 
vital  component  of  the  innate  immune  response,  the  com¬ 
plement  system,  is  composed  of  more  than  30  proteins 
organised  into  proteolytic  cascades,  which  are  activated  in 
response  to  the  recognition  of  pathogen-associated  molecu¬ 
lar  patterns,  antigen-antibody  complexes  or  danger  signals 
released  by  injured  cells. ^  Activation  of  the  complement 
cascade  has  been  documented  in  patients  with  chronic  heart 
failure'"’"  and  has  been  suggested  to  participate  in  disease 
progression.  Although  experimental  evidence  suggests  that 
activation  of  inflammatory  and  immune  responses  may 
contribute  to  the  pathogenesis  of  chronic  heart  failure, 
whether  innate  immunity  mediates  acute  heart  failure  exac¬ 
erbations  remains  unknown. 

In  the  current  issue  of  the  journal,  Trendelenburg  and  co- 
workers'^  examined  the  possible  link  between  the  activation 
of  innate  immunity  and  acute  decompensated  heart  failure 
by  measuring  levels  of  complement  activation  products  in 
the  peripheral  blood  of  patients  admitted  with  an  acute  exac¬ 
erbation  of  heart  failure.  The  authors  found  that,  when  com¬ 
pared  with  healthy  individuals,  patients  with  acute  heart 
failure  exhibited  increased  plasma  levels  of  the  complement 
activation  proteins  C4d,  C3a  and  sC5b-9.  Complement  pro¬ 
tein  levels  were  significantly  higher  in  individuals  with  an 
infectious  cause  triggering  the  exacerbation,  in  comparison 
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to  individuals  with  other  precipitating  factors.  Complement 
activation  did  not  predict  mortality  within  2  years  after  the 
acute  event.  The  study  has  several  major  limitations.  First, 
the  control  group  consisted  of  healthy  individuals  and  was 
not  adjusted  for  age  or  gender  or  the  presence  of  comorbid 
conditions  that  could  affect  complement  levels.  Thus,  the 
observed  differences  in  complement  activation  between 
acute  heart  failure  patients  and  control  individuals  may  be 
due  to  the  presence  of  comorbidities,  or  may  simply  reflect 
the  presence  of  chronic  heart  failure.  An  adjusted  control 
group  of  individuals  with  chronic  heart  failure  is  needed,  in 
order  to  test  whether  acute  exacerbations  activate  the  com¬ 
plement  cascade.  Second,  complement  protein  levels  in  the 
peripheral  blood  may  not  directly  reflect  myocardial  locali¬ 
sation  but  may  be  due  to  activation  of  the  cascade  in  other 
tissues.  Third,  the  activation  of  innate  immune  signalling 
and  downstream  secretion  of  pro-inflammatory  mediators 
was  not  systematically  studied. 

Despite  these  limitations,  the  study  supports  a  very 
attractive  concept,  suggesting  that  in  some  patients  with 
heart  failure,  activation  of  innate  immune  pathways  may 
accompany  (and  possibly  even  trigger)  an  acute  exacerba¬ 
tion.  Moreover,  the  findings  raise  several  intriguing  ques¬ 
tions:  Which  cellular  events  are  responsible  for  sudden 
activation  of  the  innate  immune  system  in  patients  with 
chronic  heart  failure?  Does  innate  immune  activation  play 
a  causative  role,  or  does  it  simply  represent  an  epiphenom- 
enon  reflecting  the  systemic  consequences  of  decompen¬ 
sated  acute  heart  failure?  If  causative  links  between  innate 
immune  activation  and  acute  heart  failure  do  exist,  which 
specific  immune-mediated  events  cause  cardiac  dysfunc¬ 
tion?  Does  evidence  of  immune  activation  identify  a  subset 
of  patients  who  may  benefit  from  a  brief  course  of  targeted 
anti-inflammatory  intervention? 

Possible  mechanisms  of 
complement  activation  in  patients 
with  heart  failure:  links  with  known 
precipitating  factors 

Elevated  complement  activation  proteins  in  the  blood  of 
patients  with  an  acute  heart  failure  exacerbation  may  reflect 
myocardial  production  and  activation  of  complement  compo¬ 
nents  in  response  to  injury,  or  the  release  of  complement  pro¬ 
teins  due  to  a  systemic  condition  (such  as  infection,  or 
systemic  inflammatory  disease)  (Figure  1).  Patients  with 
infection  as  a  precipitating  factor  exhibited  the  highest  levels 
of  complement  activation  proteins,  supporting  the  potential 
role  of  innate  immune  signalling  in  this  subpopulation.  In  the 
myocardium,  a  wide  range  of  stimuli,  including  ischaemia 
and  pressure  overload  may  trigger  the  local  synthesis  of  com¬ 
plement  components  by  cardiomyocytes,  vascular  endothe¬ 
lial  cells  or  macrophages.  Local  activation  of  the  complement 
cascade  and  deposition  of  complement  components  has  been 
documented  in  the  experimental  models  of  myocardial 


Figure  I .  The  schematic  illustration  proposes  a  cell  biological 
paradigm  for  the  potential  involvement  of  complement 
activation  in  acute  heart  failure.  In  patients  with  chronic  heart 
failure  precipitating  factors  such  as  infection,  ischaemia  or 
pressure  overload  may  trigger  activation  of  the  complement 
cascade,  contributing  to  functional  decompensation.  Activated 
complement  components  may  stimulate  a  pro-inflammatory 
programme  in  cardiac  microvascular  endothelial  cells  (EC), 
thus  promoting  inflammatory  monocyte  (Mo)  recruitment,  may 
induce  cytokine  expression  in  macrophages  (Ma),  and  may  trigger 
degranulation  and  cytokine  production  in  cardiac  mast  cells  (MC). 
C5a  stimulation  of  cardiomyocytes  (CM)  may  suppress  contractile 
function  and  stimulate  the  synthesis  of  pro-inflammatory 
cytokines.  Activation  of  a  pro-inflammatory  environment  in  the 
myocardium  may  overwhelm  the  limited  functional  reserve  of 
patients  with  chronic  heart  failure  causing  an  acute  exacerbation. 
Considering  the  pathophysiological  heterogeneity  of  acute  heart 
failure,  elevated  circulating  complement  activation  proteins 
may  identify  a  patient  subpopulation  with  immune-mediated 
decompensation  who  may  benefit  from  brief  and  targeted  anti¬ 
inflammatory  interventions  (such  as  interleukin  (IL)-I  blockade). 
TNF:  tumour  necrosis  factor. 

ischaemia. Activation  of  neurohumoral  pathways  in 
response  to  pressure  overload  may  also  activate  the  comple¬ 
ment  cascade.  C5a  levels  were  found  to  be  increased  in 
hypertensive  individuals.  Moreover,  in  a  mouse  model  of 
angiotensin  infusion  complement  activation  mediated  inflam¬ 
matory  activation. Thus,  in  patients  with  a  hypertensive  cri¬ 
sis,  the  stimulation  of  neurohumoral  signalling  may  activate 
the  complement  cascade  in  the  myocardium  contributing  to 
decompensation.  Microvascular  endothelial  cells  may  be  an 
important  site  of  complement  activation  in  the  failing  heart. 
Cytokine  stimulation  of  endothelial  cells  induces  comple¬ 
ment  activation  that  is  not  only  bound  to  the  cells,  but  is  also 
deposited  in  the  subendothelial  extracellular  matrix. 

The  cellular  consequences  of 
complement  activation  on  the 
failing  heart 

In  host  defence,  complement  actions  are  mediated  through 
three  broad  effector  limbs:  (a)  assembly  of  the  membrane 
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attack  complex  and  subsequent  lysis  of  the  targeted  patho¬ 
gen;  (b)  opsonisation  of  the  target,  leading  to  phagocyto¬ 
sis  by  macrophages  and  neutrophils;  and  (c)  activation  of 
pro-inflammatory  cascades.  In  patients  with  heart  failure, 
complement  activation  may  play  an  important  role  in  trig¬ 
gering  systolic  dysfunction  by  stimulating  the  secretion  of 
pro-inflammatory  cytokines  that  suppress  contractile 
function,  such  as  tumour  necrosis  factor  (TNF)-a  and 
interleukin  (IL)-1(3.  Complement  may  stimulate  several 
myocardial  cell  types,  including  cardiomyocytes,  micro- 
vascular  endothelial  cells,  cardiac  macrophages  and  mast 
cells  (Figure  1).'^  In  macrophages,  C5a  is  known  to  induce 
pro-inflammatory  eytokine  synthesis.'^  In  mast  cells,  C3a 
and  C5a  may  trigger  degranulation  and  promote  the 
release  of  chemokines  and  TNF-a.'*’*^  Endothelial  cells 
respond  to  C5a  by  increasing  the  expression  of  adhesion 
molecules,  chemokines,  cytokines  and  chemokine  recep- 
tors;^°  these  effects  may  promote  local  inflammation.  In 
cardiomyocytes,  complement-mediated  signalling  may 
stimulate  cytokine  expression  and  cause  contractile  dys¬ 
function.^’  Due  to  their  limited  functional  reserve,  patients 
with  ehronic  heart  failure  may  be  particularly  susceptible 
to  modest  elevations  in  activated  eomplement  eompo- 
nents  and  may  respond  with  significant  suppression  of 
contractile  function. 

The  clinical  implications  of  innate 
immune  activation  in  patients  with 
acute  heart  failure 

In  chronic  heart  failure,  elevations  in  complement  proteins 
identified  a  subpopulation  with  a  higher  incidenee  of  adverse 
events. In  the  current  study,  complement  proteins  did  not 
predict  death  within  2  years,  failing  to  support  a  role  for 
complement  activation  as  a  prognostic  biomarker  in  patients 
with  decompensated  heart  failure.  However,  assessment  of 
complement  activation  may  serve  as  a  valuable  tool  for 
pathophysiologieal  stratification  of  heart  failure  patients,  by 
distinguishing  acute  episodes  of  inflammation-driven 
decompensation,  or  by  identifying  patient  subpopulations 
susceptible  to  recurrent  immune-mediated  heart  failure 
exacerbations.  Such  insights  may  have  important  therapeu¬ 
tic  implications,  identifying  patients  who  may  benefit  from 
a  brief  eourse  of  targeted  anti-inflammatory  therapy.  A 
recent  study  demonstrated  that  IL- 1  blockade  with  anakinra 
reduced  C-reactive  protein  levels  in  patients  with  acute 
decompensated  heart  failure,^^  suggesting  effective  inhibi¬ 
tion  of  inflammatory  signalling.  Whether  brief  inhibition  of 
the  innate  immune  response  is  beneficial  in  subsets  of 
patients  with  acute  heart  failure  has  not  been  tested. 

Effective  treatment  of  complex  eardiovascular  eondi- 
tions,  sueh  as  heart  failure,  is  hampered  by  their  pathophys¬ 
iological  heterogeneity.^'’  The  expanding  use  of  relevant 
biomarkers  and  sophistieated  imaging  strategies  will 
allow  us  to  stratify  patients  on  the  basis  of  underlying 


pathophysiological  perturbations,  providing  the  basis  for 

mechanism-driven  therapy. 
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Abstract  Right  ventricular  failure  predicts  adverse  outcome  in  patients  with  pulmonary  hypertension  (PH),  and  in  subjects 

with  left  ventricular  heart  failure  and  is  associated  with  interstitial  fibrosis.  This  review  manuscript  discusses  the  cel¬ 
lular  effectors  and  molecular  mechanisms  implicated  in  right  ventricular  fibrosis.  The  right  ventricular  interstitium 
contains  vascular  cells,  fibroblasts,  and  immune  cells,  enmeshed  in  a  collagen-based  matrix.  Right  ventricular  pres¬ 
sure  overload  in  PH  is  associated  with  the  expansion  of  the  fibroblast  population,  myofibroblast  activation,  and  se¬ 
cretion  of  extracellular  matrix  proteins.  Mechanosensitive  transduction  of  adrenergic  signalling  and  stimulation  of 
the  renin-angiotensin-aldosterone  cascade  trigger  the  activation  of  right  ventricular  fibroblasts.  Inflammatory  cyto¬ 
kines  and  chemokines  may  contribute  to  expansion  and  activation  of  macrophages  that  may  serve  as  a  source  of 
fibrogenic  growth  factors,  such  as  transforming  growth  factor  (TGF)-p.  Endothelin-1,  TGF-Ps,  and  matricellular  pro¬ 
teins  co-operate  to  activate  cardiac  myofibroblasts,  and  promote  synthesis  of  matrix  proteins.  In  comparison  with 
the  left  ventricle,  the  RV  tolerates  well  volume  overload  and  ischemia;  whether  the  right  ventricular  interstitial  cells 
and  matrix  are  implicated  in  these  favourable  responses  remains  unknown.  Expansion  of  fibroblasts  and  extracellu¬ 
lar  matrix  protein  deposition  are  prominent  features  of  arrhythmogenic  right  ventricular  cardiomyopathies  and  may 
be  implicated  in  the  pathogenesis  of  arrhythmic  events.  Prevailing  conceptual  paradigms  on  right  ventricular  remod¬ 
elling  are  based  on  extrapolation  of  findings  in  models  of  left  ventricular  injury.  Considering  the  unique  embryo- 
logic,  morphological,  and  physiologic  properties  of  the  RV  and  the  clinical  significance  of  right  ventricular  failure, 
there  is  a  need  further  to  dissect  RV-specific  mechanisms  of  fibrosis  and  interstitial  remodelling. 

Keywords  Cardiac  fibrosis  •  Right  ventricular  failure  •  Pulmonary  hypertension  •  Extracellular  matrix  •  Arhhythmogenenic 

right  ventricular  cardiomyopathy 

This  article  is  part  of  the  Spotlight  Issue  on  Right  Ventricle. 


1.  Introduction 

The  right  ventricle  (RV)  is  no  longer  the  ‘forgotten  chamber’.^  Extensive 
clinical  evidence  supports  the  prognostic  significance  of  right  ventricular 
dysfunction  in  a  wide  range  of  cardiovascular  conditions.  In  myocardial 
infarction^  and  in  heart  failure,^’^  right  ventricular  dysfunction  is  associ¬ 
ated  with  adverse  outcome  and  may  predict  arrhythmic  events,  marking 
a  high-risk  group.^  In  patients  with  acute  pulmonary  embolism,  persistent 
depression  of  right  ventricular  function  is  associated  with  recurrent 
thromboembolic  events.^  In  patients  with  pulmonary  hypertension  (PH), 
right  ventricular  systolic  dysfunction  predicts  adverse  outcome  irre¬ 
spective  of  changes  in  pulmonary  vascular  resistance.^  Although  thera¬ 
peutic  interventions  in  PH  are  focused  on  the  pulmonary  vasculature. 


survival  is  significantly  associated  with  improved  right  ventricular  func¬ 
tion,  whereas  changes  in  pulmonary  vascular  resistance  have  little  rela¬ 
tionship  to  outcome.®  Considering  the  outstanding  clinical  significance  of 
right  ventricular  failure,  understanding  of  the  cellular  events  and  molecu¬ 
lar  signals  responsible  for  adverse  remodelling  of  the  RV  following  injury 
should  be  a  major  priority  in  cardiovascular  research. 

Over  the  past  20  years,  cardiovascular  investigators  have  appreciated 
the  role  of  the  cardiac  interstitium  in  myocardial  homeostasis  and  dis¬ 
ease.  Experimental  studies  have  unravelled  the  complexity  and  pheno¬ 
typic  plasticity  of  cardiac  interstitial  cells  and  have  challenged  the 
traditional  view  of  the  cardiac  extracellular  matrix  as  a  static  structural 
scaffold.  Following  injury,  the  cardiac  matrix  is  enriched  through  depos¬ 
ition  of  extracellular  macromolecules  that  do  not  serve  a  structural  role. 
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Figure  I  The  right  ventricular  interstitium.  (A)  The  adult  mammalian  myocardium  is  comprised  of  cardiomyocytes,  abundant  microvessels  (EC,  endothelial 
cells)  and  a  highly  cellular  interstitium  that  contains  large  numbers  of  fibroblasts  (F),  pericytes  (P)  and  smaller  populations  of  macrophages  (Ma)  and  other  im¬ 
mune  cells,  enmeshed  into  a  collagen-based  matrix.  Although  systematic  comparison  of  the  cellular  composition  and  matrix  content  between  the  right  and  the 
left  ventricular  myocardium  has  not  been  performed,  the  interstitium  of  the  RV  and  the  left  ventricle  have  similar  morphological  characteristics.  (6  and  Q 
Representative  images  show  staining  with  picrosirius  red  of  sections  from  the  right  ventricular  free  wall  (B,  RV)  and  the  left  ventricular  free  wall  (C,  LV)  in  adult 
mouse  hearts,  in  order  to  identify  the  collagen  network  The  epimysial  collagen  surrounds  the  organ  (arrow);  each  cardiomyocyte  is  associated  with  a  thin  rim 
of  endomysial  collagen  (arrowhead).  (D,  E)  Dual  fluorescence  for  wheat  germ  agglutinin  outlines  the  cardiomyocytes  in  the  mouse  right  ventricle  (D,  RV)  and  in 
the  left  ventricular  free  wall  (E,  LV).  Experimental  studies  in  adult  rats  have  suggested  that  due  to  the  lower  baseline  pressure  load  and  the  smaller  size  of  right 
ventricular  cardiomyocytes,  the  RV  exhibits  a  higher  relative  collagen  content,  when  compared  with  the  left  ventricle  and  the  interventricular  septum.^°  (f) 
Immunohistochemical  staining  for  the  macrophage-specific  antibody  Mac2  identified  a  resident  macrophage  population  in  the  right  ventricular  wall  (arrows). 


but  modulate  signalling  cascades  by  regulating  growth  factor  activity  and 
by  transducing  signals  through  binding  to  cell  surface  receptors.  These 
macromolecules  termed  ‘matricellular  proteins’,^’^°  drive  the  cellular  re¬ 
sponses  that  mediate  repair,  remodelling,  and  fibrosis  of  the  injured  myo¬ 
cardium.^^  Although  our  knowledge  on  the  role  of  the  cardiac 
interstitium  in  myocardial  repair,  remodelling,  and  fibrosis  is  derived  pri¬ 
marily  from  studies  investigating  left  ventricular  injury,  a  growing  body  of 
evidence  suggests  a  crucial  involvement  of  interstitial  changes  and  matrix 
remodelling  in  the  pathogenesis  and  progression  of  right  ventricular  dis¬ 
ease.  The  current  manuscript  discusses  the  cellular  effectors  and  mo¬ 
lecular  signals  implicated  in  interstitial  remodelling  of  the  RV  in  a  wide 
range  of  pathophysiological  conditions.  Although  right  ventricular  and 
left  ventricular  interstitial  cells  may  have  similar  baseline  phenotypic  pro¬ 
files  and  functional  properties,  the  distinct  morphologic,  physiologic,  and 
pathophysiological  characteristics  of  the  RV  create  a  unique  environ¬ 
ment,  leading  to  different  responses  under  conditions  of  stress. 
Unfortunately,  in  many  cases,  prevailing  paradigms  on  the  mechanisms  of 
right  ventricular  fibrosis  and  on  the  role  of  the  extracellular  matrix  in  re¬ 
modelling  of  the  RV  are  based  on  extrapolation  of  experimental  obser¬ 
vations  in  models  of  left  ventricular  disease. 

2.  The  interstitium  in  the  healthy 
right  ventricle 

The  adult  mammalian  heart  is  composed  of  cardiomyocytes,  a  rich  micro- 
vascular  network,  and  a  highly  cellular  collagen-based  interstitium  (Figure  1) 
that  contains  abundant  fibroblast-like  interstitial  cells  and  smaller  popula¬ 
tions  of  macrophages,  mast  cells  and  dendritic  cells.^^^^^  interstitial  cells  play 
an  important  role  in  maintaining  the  cardiac  extracellular  matrix  and  may 


also  transduce  signals  that  regulate  cardiomyocyte  survival  and  function. 
Systematic  studies  comparing  the  cellular  composition  and  extracellular  ma¬ 
trix  content  of  the  right  and  left  ventricle  have  not  been  performed. 

While  the  left  ventricle  is  derived  exclusively  from  the  first  heart  field, 
the  RV  derives  in  part  from  the  second  heart  field,  which  is  characterized 
by  increased  proliferative  activity  and  differentiation  delay.^^  Moreover, 
the  low  resistance  of  the  pulmonary  vascular  territory  reduces  energy 
demands  on  the  right  ventricular  myocardium,  leading  to  thinner  walls,  a 
lower  muscle  mass  and  increased  compliance.^  ^  To  what  extent  the  dis¬ 
tinct  embryologic  origin  and  the  lower  pressure  load  affect  the  cellular 
composition  and  extracellular  matrix  content  of  the  RV  in  the  absence 
of  injury  remains  unknown.  At  birth,  right  and  left  ventricles  have  com¬ 
parable  collagen  content;  neonatal  remodelling  of  the  heart  leads  to  re¬ 
gression  in  right  ventricular  myocyte  size,  resulting  in  a  relative  increase 
of  collagen  content  in  the  adult  right  ventricle.^®'^^  in  normal  adult  rats,  a 
hydroxyproline  assay  demonstrated  a  lower  collagen  content  in  the  left 
ventricular  free  wall,  when  compared  with  the  right  ventricle  and  the 
interventricular  septum.^°  On  the  other  hand,  experiments  comparing 
fibroblasts  from  different  sites  suggested  no  significant  differences  in 
transcriptomic  profiles  between  right  ventricular  and  left  ventricular  car¬ 
diac  fibroblasts.^^’^^  All  forms  of  myocardial  injury  activate  the  cardiac 
interstitium  leading  to  expansion  of  interstitial  cell  populations  and  dy¬ 
namic  alterations  in  the  composition  of  the  extracellular  matrix. 

3.  The  right  ventricular  interstitium 
in  heart  disease 

The  RV  tolerates  a  volume  load  much  better  than  a  pressure  load  and  is 
more  sensitive  to  changes  in  afterload  than  the  left  ventricle.^^ 
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Moreover,  due  to  a  more  favourable  supply  and  demand  ratio,  the  RV  is 
less  susceptible  to  ischemic  injury.  Thus,  in  human  patients,  the  most 
common  pathophysiological  cause  of  right  ventricular  failure  is  pressure 
overload  due  to  pulmonary  hypertension.  The  impact  of  pressure  over¬ 
load  on  the  RV  is  dependent  not  only  on  the  magnitude  of  the  pressure 
increase  but  also  on  the  underlying  aetiology,  and  on  the  rate  of  progres¬ 
sion  of  the  changes  in  pulmonary  pressures.  A  sudden  increase  in  pul¬ 
monary  pressures  following  massive  acute  pulmonary  embolism  causes  a 
marked  elevation  in  right  ventricular  end-diastolic  volume,  as  the  cham¬ 
ber  attempts  to  compensate  in  order  to  maintain  stroke  volume. 
Marked  acute  increases  in  pulmonary  pressures  overwhelm  the  com¬ 
pensatory  response,  leading  to  rapid  development  of  right  ventricular 
failure.  In  contrast,  chronic  progressive  elevations  of  pulmonary  pres¬ 
sures  are  better  tolerated  by  the  RV  and  lead  to  extensive  remodelling, 
involving  both  the  cardiomyocytes  and  the  right  ventricular  interstitium. 

3.1  The  extracellular  matrix  in  acute  right 
ventricular  pressure  overload 

Descriptive  studies  in  experimental  models  of  acute  pulmonary  embol¬ 
ism  demonstrated  rapid  infiltration  of  the  right  ventricular  outflow  tract 
(RVOT)  with  neutrophils  and  monocytes,  accompanied  by  local  activa¬ 
tion  of  matrix  metalloproteinases  (MMPs),^^  followed  by  stimulation  of  a 
pro-fibrotic  program.^^  Early  matrix  degradation  may  contribute  to  the 
pathogenesis  of  acute  right  ventricular  failure,  depriving  the  cardiomyo¬ 
cytes  from  important  pro-survival  signals,  or  abrogating  matrix- 
dependent  pathways  that  preserve  cardiomyocyte  function.  In  three 
studies  performed  by  the  same  group  in  rat,  canine  and  ovine  models  of 
acute  pulmonary  embolism  pre-treatment  with  doxycycline,  a  broad 
non-selective  MMP  inhibitor  attenuated  right  ventricular  dilation^^^® 
and  decreased  cardiomyocyte  injury.^^  Considering  the  broad  effects  of 
doxycycline  on  inflammatory  signalling  and  oxidative  stress,^^  whether 
the  protective  actions  reflect  attenuated  matrix  degradation  remains 
unknown. 

3.2  The  extracellular  matrix  in  chronic 
pressure  overload 

Chronic  right  ventricular  pressure  overload  increases  wall  stress  and 
promotes  a  hypertrophic  response.  Right  ventricular  mass  is  significantly 
increased  in  PH  patients^®  and  right  ventricular  hypertrophy  is  consist¬ 
ently  observed  in  experimental  models  of  PH.  However,  in  human  pa¬ 
tients,  the  likelihood  of  progression  to  right  ventricular  failure  cannot  be 
explained  by  differences  in  right  ventricular  mass  or  in  pressure  load. 
Despite  similar  elevations  in  right  ventricular  pressures  and  comparable 
right  ventricular  hypertrophy,  some  patients  remain  stable  for  decades, 
while  others  rapidly  decompensate  developing  right  ventricular  fail- 
ure.®'^^  The  aetiology  of  PH  plays  a  major  role  in  determining  the  out¬ 
come.  For  example,  right  ventricular  failure  is  highly  prevalent  in  patients 
with  scleroderma-induced  PH.®^  In  contrast,  patients  with  right  ventricu¬ 
lar  pressure  overload  caused  through  purely  mechanical  causes  (such  as 
pulmonic  stenosis)  exhibit  prolonged  concentric  hypertrophy  without 
significant  contractile  depression.®®’®^  Animal  models  recapitulate  this 
heterogeneity,  as  development  of  right  ventricular  dysfunction  is  de¬ 
pendent  not  only  on  the  severity  of  pressure  overload  but  also  on  the 
underlying  pathophysiological  basis.®^  In  models  of  PH  due  to  administra¬ 
tion  of  endothelial  toxins  (such  as  monocrotaline),  right  ventricular  fail¬ 
ure  is  more  prominent  than  in  models  of  mechanical  pressure  overload 
induced  through  pulmonary  artery  banding.®®  Distinct  responses  of 
interstitial  cells  and  the  extracellular  matrix  may  explain  the 


heterogeneity  of  the  functional  responses  of  the  RV  to  the  various  path¬ 
ophysiological  conditions  causing  PH. 

3.2.1  Fibrosis  in  the  pressure'Overloaded  right  ventricular 
myocardium 

A  growing  body  of  evidence  suggests  that  right  ventricular  fibrosis,  the 
expansion  of  the  interstitium  through  deposition  of  collagenous  matrix, 
may  play  an  important  role  in  the  pathogenesis  of  right  ventricular  dys¬ 
function  and  failure  following  pressure  overload.  Magnetic  resonance 
imaging  (MRI)  suggests  that  many  patients  with  PH  exhibit  evidence  of 
right  ventricular  fibrosis.®®  Histological  studies  have  demonstrated 
increased  collagen  deposition  in  the  RV  from  patients  with  end-stage  PH 
undergoing  heart-lung  transplantation.®®  In  experimental  models  of  right 
ventricular  pressure  overload,  fibrotic  remodelling  of  the  RV  is  often 
associated  with  decompensation  and  evidence  of  severe  systolic  dys¬ 
function.®^  Ex  vivo  studies  suggested  that  the  contribution  of  fibrosis  to 
the  increased  right  ventricular  stiffness  increases  with  worsening  severity 
of  dysfunction.®®  Increased  collagen  deposition  in  the  RV  following  pres¬ 
sure  overload  is  due  to  new  synthesis  of  collagen  protein,®®  and  is  associ¬ 
ated  with  a  disproportionate  increase  in  collagen  I  secretion,®®  a  subtype 
exhibiting  higher  tensile  strength  and  reduced  elasticity  when  compared 
with  type  III  collagen.  Perturbation  of  the  collagen  Fill  ratio  may  be  re¬ 
sponsible,  at  least  in  part,  for  the  increase  in  right  ventricular  stiffness  fol¬ 
lowing  pressure  overload. 

In  the  model  of  pulmonary  artery  banding,  late  increases  in  the  levels 
of  insoluble  collagen  are  noted  and  are  associated  with  right  ventricular 
diastolic  dysfunction.^®  Accumulation  of  insoluble  collagen  may  reflect 
cross-linking  of  the  right  ventricular  interstitial  matrix;  however,  the  po¬ 
tential  involvement  of  specific  cross-linking  enzymes,  such  as  lysyl- 
oxidases  and  tissue  transglutaminase  has  not  been  investigated. 

3.2.2  The  cellular  effectors  implicated  in  right  ventricular 
fibrosis  and  remodelling 

Our  current  understanding  of  the  cell  biological  events  responsible  for  fi¬ 
brotic  remodelling  of  the  pressure-overloaded  RV  is  based  predomin¬ 
antly  on  descriptive  experiments  and  on  extrapolation  of  findings  from 
studies  investigating  left  ventricular  fibrosis.  Thus,  the  prevailing  paradigm 
(Figure  2)  assumes  similar  cellular  properties  and  mechanism  of  activation 
for  right  and  left  ventricular  myocardial  cells,  and  has  not  been  systemat¬ 
ically  validated  by  direct  experimentation. 

3.2.2. 1  Fibroblasts.  Cardiac  fibroblasts  are  the  main  effector  cells  in 
cardiac  fibrosis.^^  Extensive  evidence  suggests  that  fibrosis  of  the 
pressure-overloaded  RV  is  associated  with  activation  and  expansion  of 
fibroblasts,  which  acquire  a  myofibroblast  phenotype  and  secrete  large 
amounts  of  extracellular  matrix  proteins.  In  a  rabbit  model  of  pulmonary 
artery  constriction,  early  infiltration  of  the  myocardium  with  mononu¬ 
clear  cells  was  noted  2  days  after  banding  and  was  associated  with  evi¬ 
dence  of  cardiomyocyte  injury.  After  7  days  of  banding,  resolution  of  the 
inflammatory  infiltrate  was  accompanied  by  recruitment  of  activated 
myofibroblasts,  expressing  a-smooth  muscle  actin.  After  14  days,  the 
right  ventricular  interstitium  contained  significant  amounts  of  fibrillar  col¬ 
lagen.^®  Activated  myofibroblasts  in  the  pressure-overloaded  RV  synthe¬ 
size  large  amounts  of  collagen  and  secrete  matricellular  proteins.^®  The 
time  course  of  these  cellular  alterations  suggests  that  fibrogenic  activa¬ 
tion  may  be  dependent  on  early  induction  of  inflammation  in  the 
pressure-overloaded  RV,  either  through  direct  stimulation  of  mechano- 
sensitive  pro-inflammatory  signalling  pathways,  or  secondary  to  cardio¬ 
myocyte  necrosis.  Direct  stimulation  of  resident  cardiac  fibroblasts 
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Figure  2  Cell  biological  effectors  of  fibrosis  in  the  pressure-over¬ 
loaded  RV.  Based  on  insights  from  lineage  tracing  experiments  in  mod¬ 
els  of  left  ventricular  pressure  overload,  activated  myofibroblasts  are 
predominantly  derived  from  resident  populations.  Endothelial  cells, 
pericytes,  epicardial  epithelial  cells,  and  circulating  fibroblast  progeni¬ 
tors  may  also  play  contributory  roles.  Vascular  cells,  stressed  cardio- 
myocytes,  resident,  and  recruited  macrophages  may  play  an  important 
role  in  activation  of  resident  fibroblast  population  in  the  pressure-over- 
loaded  myocardium. 


through  activation  of  neurohumoral  or  growth  factor-mediated  path¬ 
ways  may  also  contribute  to  the  fibrotic  response. 

The  cellular  origin  of  fibroblasts  in  the  remodelling  RV  has  not  been 
systematically  investigated.  Recent  lineage  tracing  experiments  demon¬ 
strated  that  in  experimental  models  of  left  ventricular  pressure  overload, 
resident  cardiac  fibroblast  populations  are  the  main  source  of  activated 
myofibroblasts.^^’^^  Endothelial  to  mesenchymal  transdifferentiation  and 
circulating  fibroblast  progenitors  may  also  contribute  smaller,  but  poten¬ 
tially  important,  fibroblast  subsets.^^  The  distinct  embryologic,  morpho¬ 
logic  and  functional  characteristics  of  the  RV,  and  the  unique  features  of 
the  right  ventricular  response  to  injury  may  have  an  impact  on  the  rela¬ 
tive  contributions  of  various  cell  types  in  right  ventricular  fibrosis. 

3.2.2.2  Macrophages  and  lymphocytes.  The  adult  mouse  RV  con¬ 
tains  a  sparse  population  of  macrophages.^^  Right  ventricular  pressure 
overload  is  associated  with  significant  expansion  of  the  macrophage 
population  in  the  right  ventricular  wall.^^  Moreover,  patients  with  PH  ex¬ 
hibit  significantly  increased  macrophage  density  in  the  RV."*^  In  models  of 
left  ventricular  pressure  overload,  cardiac  macrophages  have  been  impli¬ 
cated  in  the  activation  of  a  fibrogenic  program.^®  Expansion  of  the 
macrophage  population  in  the  pressure-overloaded  myocardium  may  be 
triggered  through  chemokine-dependent  mechanisms.^®  Moreover,  neu¬ 
rohumoral  mediators  may  activate  macrophages  towards  a  pro-fibrotic 
phenotype  characterized  by  secretion  of  growth  factors  and  cytokines. 
Unfortunately,  experimental  evidence  supporting  this  plausible  concept 
is  lacking,  as  studies  investigating  the  contribution  of  macrophages  in 
right  ventricular  fibrosis  have  not  been  performed. 


A  growing  body  of  evidence  implicates  lymphocytes  in  the  pathogen¬ 
esis  of  myocardial  fibrosis  in  experimental  models  of  left  ventricular 
pressure  overload.®®  In  a  model  of  transverse  aortic  constriction, 
CD4+T  cells-mediated  fibrosis,  decompensation,  and  transition  to 
heart  failure.®^  Although  systemic  aldosterone  infusion  leads  to  recruit¬ 
ment  of  lymphocytes  in  the  RV,®^  the  potential  involvement  of  lympho¬ 
cyte  subpopulations  in  right  ventricular  fibrosis  has  not  been 
investigated. 

3.2. 2.3  Mast  cells.  Mast  cells  have  been  implicated  in  the  pathogenesis 
of  left  ventricular  remodelling  and  fibrosis.®®  Mast  cells  accumulate  in  the 
injured  myocardium  and  degranulate,  releasing  fibrogenic  cytokines  and 
growth  factors,  and  secreting  mast  cell-specific  mediators  with 
fibroblast-activating  properties,  such  as  histamine,  tryptase,  and  chy- 
mase.®"*^®®  In  rodent  models  of  pulmonary  artery  banding,  significant  in¬ 
creases  in  mast  cell  density  were  observed  in  the  right  ventricular 
myocardium.®®'®®  Whether  mast  cell-derived  mediators  critically  regu¬ 
late  the  fibrotic  response  in  the  RV  has  not  been  investigated. 

3.2.2.4  Cardiomyocytes.  Focal  cardiomyocyte  necrosis  has  been  docu¬ 
mented  in  experimental  models  of  right  ventricular  pressure  overload^® 
and  can  trigger  fibrosis  by  activating  pro-inflammatory  signalling.  Under 
conditions  of  stress,  cardiomyocytes  are  capable  of  stimulating  fibrosis 
even  in  the  absence  of  significant  necrosis.  Mechanical  stretch  induces 
expression  of  renin,  angiotensinogen,  and  ACE  in  cardiomyocytes®®; 
these  effects  may  trigger  an  angiotensin-driven  fibrogenic  program  fol¬ 
lowing  pressure  overload.  Moreover,  stimulated  cardiomyocytes  may  be 
an  important  source  of  transforming  growth  factor  (TGF)-P,®°  a  crucial 
fibrogenic  mediator  that  promotes  myofibroblast  transdifferentiation 
and  induces  extracellular  matrix  protein  synthesis.®^  The  potential  con¬ 
tribution  of  pressure-overloaded  right  ventricular  cardiomyocytes  in  fi¬ 
brotic  remodelling  of  the  RV  has  not  been  investigated. 

3.2.2.5  Vascular  cells.  In  the  pressure-overloaded  myocardium,  vascu¬ 
lar  endothelial  cells  may  be  an  important  source  of  fibrogenic  mediators, 
such  as  endothelin-1.  Right  ventricular  capillary  rarefaction  is  a  consistent 
characteristic  of  maladaptive  right  ventricular  hypertrophy  in  both  animal 
models  of  pressure  overload  and  in  human  patients  with  PH.®’®®'®® 
Reduced  perfusion  of  the  right  ventricular  wall  may  exacerbate  local  is¬ 
chemia,  thus  promoting  a  fibrogenic  response.  Although  capillary  loss  in 
the  RV  may  reflect  transdifferentiation  of  vascular  endothelial  cells  or 
pericytes  to  fibroblasts,  evidence  suggesting  an  important  role  for  vascu¬ 
lar  cells  as  a  cellular  source  for  activated  fibroblasts  infiltrating  the  pres¬ 
sure  overloaded  RV  is  lacking. 

3.2.3.  Molecular  signals  mediating  right  ventricular 
fibrosis 

Development  of  fibrosis  in  the  pressure-overloaded  RV  involves  activa¬ 
tion  of  mechanosensitive  signalling  pathways  that  release  neurohumoral 
mediators,  stimulate  inflammatory  responses,  and  trigger  growth  factor- 
mediated  cascades  (Table  1  and  Figure  3). 

3. 2. 3.1  Neurohumoral  pathways 

Sympathetic  stimulation  and  activation  of  the  renin-angiotensin-aldos¬ 
terone  system  (FIAAS)  are  prominent  features  of  PH  and  are  implicated 
in  the  pathogenesis  of  right  ventricular  dysfunction.®^  In  experimental 
models  of  PH,  the  administration  of  the  non-selective  P-blocker  carvedi- 
lol,®®  or  the  pi  adrenergic  receptor  (AR)  antagonist  bisoprolol®®  attenu¬ 
ated  right  ventricular  remodelling  and  decreased  fibrosis  of  the  right 
ventricular  wall  without  affecting  pulmonary  pressures.  Although 
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Table  I  Molecular  signals  implicated  in  right  ventricular  fibrosis  following  pressure  overload 


Pathway 


Likely  mechanisms  of  action 


Functional  effects 


References 


Adrenergic 

stimulation 

Renin— angiotensin- 
aldosterone  sys¬ 
tem  (RAAS) 


Endotheiin-1 


Oxidative  stress 


Inflammatory  cyto¬ 
kines  and 
chemokines 


TGF-/5 


Matricellular  proteins 


^-AR  signalling  stimulates  fibroblast  proliferation^^’^"^^ 
and  may  modulate  fibroblast  function^"^^ 

Angiotensin  l!-mediated  AT-1  activation  promotes  fibro¬ 
blast  activation,  and  stimulates  extracellular  matrix 
protein  synthesis^^^ 

Aldosterone-mediated  mineralocorticoid  receptor  sig¬ 
nalling  activates  fibroblasts^*^®  and  may  promote  a 
fibrogenic  macrophage  phenotype^^^ 

Activation  of  the  RAAS  may  promote  inflammation, 
thus  triggering  a  fibrotic  response®^. 

Endotheiin-1  stimulates  proliferation  and  matrix  synthe¬ 
sis  in  cardiac  fibroblasts^^ 

Endotheiin-1  may  promote  a  pro-fibrotic  phenotype  in 
vascular  ceils^^° 

Mechanosensitive  activation  of  Rho  kinase  may  trigger 
ROS  generation  in  fibroblasts,  thus  promoting  colla¬ 
gen  synthesis 

Accentuated  oxidative  stress  in  the  pressure-over¬ 
loaded  RV  may  be  due  to  defective  antioxidant 
responses 

Neurohumoral  pathways  and  oxidative  stress  may  be 
responsible  for  induction  of  inflammatory  cytokines 
and  chemokines  in  the  pressure-overloaded  RV. 
Cytokines  may  modulate  fibroblast  activity  and  may 
promote  a  fibrogenic  phenotype  in  macrophages 

TGF-^s  are  critical  regulators  of  fibroblast  function,  but 
may  also  mediate  fibrosis  by  promoting  fibrogenic  ac¬ 
tions  on  other  ceil  types  (such  as  immune  and  vascu¬ 
lar  ceils) 


Matricellular  proteins  (thrombospondins,  tenascin-C, 
periostin,  osteopontin,  SPARC,  CCNs)  modulate 
growth  factor  signalling  and  protease  activity  and  have 
profound  effects  on  phenotype  and  function  of  fibro¬ 
blasts,  inflammatory  cells  and  vascular  cells 


AR  signalling  may  contribute  to  adverse  right  ventricular 
remodelling  and  may  promote  progression  of  right¬ 
sided  heart  failure 

Pharmacologic  inhibition  experiments  have  suggested  an 
important  role  for  the  RAAS  in  right  ventricular  dys¬ 
function  following  pressure  overload  in  some^°’^^  but 
not  all  studies^^ 


Pharmacological  inhibition  experiments  suggest  that 
endothelin  receptor  signalling  promotes  right  ven¬ 
tricular  remodelling  and  fibrosis  in  models  of  pulmon¬ 
ary  hypertension.^®”®^  In  addition  to  its  role  in  the 
pulmonary  vasculature,  endotheiin-1  may  also  medi¬ 
ate  fibrosis  of  the  RV 

Pharmacologic  interventions  using  antioxidants  suggest 
that  ROS  generation  contributes  to  right  ventricular 
remodelling  fibrosis  and  dysfunction  following  pres¬ 
sure  overload 

Although  descriptive  studies  show  induction  of  inflam¬ 
matory  signals  in  the  pressure  overloaded  RV,  studies 
examining  the  role  of  cytokines  and  chemokines  in 
the  pathogenesis  of  right  ventricular  fibrosis  have  not 
been  performed 

Although  descriptive  studies  suggest  TGF-^1  induction 
in  the  remodelling  RV,  the  role  of  the  TGF-^  cascade 
in  right  ventricular  fibrosis  has  not  been  systematically 
studied. 

Studies  in  both  angio-obliterative  and  surgical  models  of 
right  ventricular  pressure  overload  have  suggested  an 
important  role  for  the  accessory  TGF-^S  receptor 
endoglin  in  right  ventricular  fibrosis  and  dysfunction^^ 

Upregulation  of  osteopontin,  tenascin-C,  SPARC  and 
CCN2  in  the  RV  has  been  demonstrated  in  models  of 
pulmonary  hypertension.  However,  their  role  in  right 
ventricular  remodelling  and  fibrosis  has  not  been 
investigated 


65,66 


70-72 


78-80 


81-83 


85 


70,91,97 


40,70,102.103 


adrenergic  stimulation  is  known  to  activate  cardiac  fibroblasts  in  vitro, 
whether  reduced  fibrosis  following  AR  blockade  in  vivo  is  due  to  direct 
actions  on  the  fibroblasts,  or  represents  an  epiphenomenon,  reflecting 
effects  on  cardiomyocytes  or  vascular  ceils  is  unknown.  Moreover,  the 
relative  significance  of  attenuated  fibrosis  and  modulation  of  the  matrix 
environment  in  mediating  the  protective  actions  of  p-AR  blockade  on 
right  ventricular  function  has  not  been  elucidated. 

Local  activation  of  angiotensin  II  and  aldosterone  signalling  may  also 
be  implicated  in  the  pathogenesis  of  right  ventricular  fibrosis  following 
pressure  overload.  In  vitro  studies  have  demonstrated  that  mechanical 
stress  induces  components  of  the  RAAS  in  cardiomyocytes.^^’^^. 


In  models  of  PH,  significantly  increased  expression  of  angiotensin  con¬ 
verting  enzyme  was  noted  in  the  RV  and  was  localized  in  fibrotic  areas.^^ 
Evidence  supporting  an  important  role  for  the  RAAS  in  mediating  right 
ventricular  fibrosis  following  pressure  overload  is  predominantly  derived 
from  pharmacologic  inhibition  experiments.  In  a  rabbit  model  of  pul¬ 
monary  artery  banding  and  in  a  model  of  monocrotaline-induced  pul¬ 
monary  hypertension,  angiotensin  type  1  (ATI)  receptor  blockade 
attenuated  right  ventricular  fibrosis.^^'^^  In  contrast,  experiments  in  a  rat 
model  of  pulmonary  artery  constriction,  combined  treatment  with  an 
ATI  inhibitor  and  an  aldosterone  antagonist  had  no  effects  on  right  ven¬ 
tricular  dysfunction,  did  not  significantly  affect  fibrosis,  and  did  not 
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Figure  3  Molecular  signals  implicated  in  fibroblast  activation  in  the 
pressure-overloaded  RV.  Right  ventricular  pressure  overload  trans¬ 
duces  mechanosensitive  signalling  in  cardiomyocytes  (CM),  fibroblasts 
(F),  vascular  endothelial  cells  (EC),  and  macrophages  (Ma),  stimulating 
neurohumoral  pathways  and  activating  reactive  oxygen  species  (ROS) 
generation.  Activation  of  the  RAAS  pathway,  adrenergic  signalling,  and 
oxidative  stress  stimulate  fibroblast  expansion  and  triggers  synthesis  of 
extracellular  matrix  proteins.  Angiotensin  11  and  aldosterone  may  also 
induce  an  inflammatory  and  fibrogenic  program  in  endothelial  cells, 
stimulating  expression  of  endothelin-1  (ET-1),  and  synthesis  of  chemo- 
kines,  and  triggering  recruitment  of  monocytes  (Mo).  Activated  macro¬ 
phages  secrete  transforming  growth  factor  (TGF)-P  and  other  growth 
factors  in  the  cardiac  interstitium.  Enrichment  of  the  extracellular  ma¬ 
trix  though  the  deposition  of  matricellular  proteins  regulates  activation 
of  growth  factor  signalling.  TGF-P  exerts  potent  matrix-preserving 
actions  by  promoting  myofibroblast  transdifferentiation,  by  stimulating 
synthesis  of  matrix  proteins,  and  by  inducing  expression  of 
antiproteases. 


attenuate  capillary  rarefaction.^^  Currently,  there  is  no  evidence  to  sup¬ 
port  the  use  of  FIAAS  inhibition  strategies  in  patients  with  right  ventricu¬ 
lar  dysfunction  due  to  PH.^^ 

3.2. 3. 2  Endotheliri'l 

Endothelin-1 ,  a  powerful  vasoconstrictor  with  potent  fibrogenic  proper¬ 
ties,  is  critically  implicated  in  the  pathogenesis  of  PH.^^  Endothelin  recep¬ 
tor  blockade  is  a  safe  and  effective  therapeutic  approach  for  PH 
patients.^^  Agrowing  body  of  evidence  suggests  that,  in  addition  to  its  ac¬ 
tions  on  the  pulmonary  vasculature,  endothelin-1  may  also  mediate  right 
ventricular  dysfunction  and  fibrosis.  The  expression  of  endothelin  and 
the  endothelin  type  A  receptor  are  significantly  upregulated  in  the  RV  in 
experimental  models  of  right  ventricular  pressure  overload  and  in  pa¬ 
tients  with  PH.^^  In  the  RV,  activation  of  the  endothelin-1  axis  may  pro¬ 
mote  fibroblast  proliferation  and  stimulate  synthesis  of  extracellular 
matrix  proteins.^^  Endothelin  receptor  blockade  attenuates  right  ven¬ 
tricular  fibrosis  in  mechanical,  angio-obliterative,  and  hypoxia-induced 


models  of  pulmonary  hypertension.^®^®  Whether  these  actions  contrib¬ 
ute  to  the  beneficial  effects  of  endothelin  inhibition  in  patients  with  PH 
remains  unknown. 

3.2. 3. 3  Oxidative  stress 

Generation  of  reactive  oxygen  species  (ROS)  plays  an  important  role  in 
fibroblast  activation  and  in  deposition  of  extracellular  matrix  proteins  in 
the  remodelling  myocardium.  In  vivo  studies  in  a  model  of  pulmonary  ar¬ 
tery  constriction  demonstrated  that  right  ventricular  pressure  overload 
causes  a  marked  increase  in  oxidative  stress  in  the  right  ventricular  myo¬ 
cardium,  and  suggested  that,  when  compared  to  the  left  ventricle,  the 
RV  may  exhibit  an  accentuated  oxidative  response  to  a  pressure  load.®^ 
Mechanosensitive  activation  of  Rho  kinase  may  play  an  important  role  in 
ROS  generation  following  right  ventricular  pressure  overload.®^  It  has 
been  suggested  that  the  exaggerated  oxidative  response  of  the  RV  fol¬ 
lowing  stress  may  be  due  to  defective  antioxidant  defenses.  In  a  model  of 
NO  deficiency  induced  by  L-NAME  feeding,  the  RV  exhibited  early  cardi- 
omyopathic  changes,  and  dilation;  in  contrast,  the  left  ventricle  had  only 
subtle  hypertrophic  alterations.  The  selective  involvement  of  the  RV  in 
this  model  was  associated  with  increased  oxidative  stress  and  failure  to 
activate  antioxidant  responses.®^  Treatment  with  antioxidants  attenu¬ 
ated  adverse  remodelling  and  dysfunction  of  the  RV,  reducing  right  ven¬ 
tricular  fibrosis  in  the  rat  monocrotaline  model  of  pulmonary 
hypertension.®® 

3.2. 3.4  Inflammatory  signals 

Pro-inflammatory  cytokines  and  chemokines  play  an  important  role  in  fi- 
brotic  remodelling  in  many  tissues,  including  the  myocardium,  both 
through  direct  stimulation  of  fibroblasts  and  through  induction  of  fibro¬ 
genic  signals  in  other  cell  types  (such  as  macrophages  and  vascular 
cells).®''  Our  understanding  of  the  role  of  inflammatory  mediators  in  right 
ventricular  fibrosis  is  based  on  descriptive  evidence  and  on  known  ef¬ 
fects  of  these  signals  in  left  ventricular  disease.  In  a  mouse  model  of  pul¬ 
monary  artery  constriction,  marked  upregulation  of  several  members  of 
the  chemokine  family  was  noted  in  the  pressure-overloaded  RV,  includ¬ 
ing  the  CC  chemokines  CCL2  and  CCL5,  the  CXC  chemokines 
CXCL16  and  CXCL10,  and  CX3CL1.®®  Neurohumoral  mediators,  gen¬ 
eration  of  ROS,  and  direct  activation  of  mechanosensitive  pro- 
inflammatory  signals  in  cardiomyocytes  and  macrophages  may  explain 
the  induction  of  inflammatory  genes  in  the  pressure-overloaded  RV.  In 
vitro  studies  suggested  that  CXCL16,  CX3CL1,  and  CCL5  may  increase 
expression  of  the  small  leucine-rich  glycoproteins  decorin,  biglycan, 
lumican,  and  fibromodulin,  important  activators  of  the  fibrotic  re¬ 
sponse.®®  CCL2  may  also  be  implicated  in  the  fibrotic  myocardial  re¬ 
sponse  by  recruiting  mononuclear  cells  that  may  activate  cardiac 
fibroblasts.®®  On  the  other  hand,  induction  of  the  anti-fibrotic  chemokine 
CXCLIO®^'®®  may  serve  as  an  endogenous  inhibitory  signal  that  restrains 
the  fibrotic  response. 

3.2. 3. 5  The  TCF-^  superfamily 

Several  members  of  the  TGF-fi  superfamily  have  been  implicated  in 
regulation  of  tissue  fibrosis  and  extracellular  matrix  remodelling.  TGF-fil 
is  critically  involved  in  activation  of  a  pro-flbrotic  program,  by  inducing 
synthesis  of  extracellular  matrix  proteins  and  by  promoting  myofibro¬ 
blast  transdifferentiation.®®  On  the  other  hand,  members  of  the  bone 
morphogenetic  protein  (BMP)  subfamily,  such  as  BMP-2  and  BMP-7,  may 
attenuate  fibrosis  by  inhibiting  TGF-P  actions.'*®'®®'^®.  The  role  of  TGF-P 
signalling  pathways  in  mediating  right  ventricular  dysfunction  and  fibrosis 
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following  pressure  overload  is  poorly  understood.  TGF-P1  upregulation 
has  been  demonstrated  in  the  RV  in  models  of  pulmonary  artery  con¬ 
striction  and  in  pulmonary  hypertension  secondary  to  left  sided  heart 
failure^^  however,  findings  on  downstream  activation  ofTGF-P  signalling 
cascades  are  conflicting.  In  an  experimental  model  of  pulmonary  artery 
banding,  increased  levels  of  phosphorylated  Smad2  (p-Smad2)  in  the 
right  ventricular  myocardium  suggested  activation  ofTGF-P  signalling.^° 
However,  in  patients  with  end-stage  pulmonary  hypertension,  p-Smad2 
immunoreactivity  in  the  RV  was  reduced,  when  compared  with  con- 
trols.^^  The  contradictory  findings  may  reflect  the  dynamic  regulation  of 
the  TGF-P  cascade  in  vivo.  Early  activation  of  the  pathway  in  the  pres¬ 
sure-overloaded  myocardium  may  be  followed  by  induction  of  inhibitory 
signals  that  restrain  TGF-p/Smad  signalling. 

Dissection  of  the  in  vivo  actions  of  TGF-P  family  members  is  hampered 
by  the  wide  range  of  their  context-dependent  effects  that  target  many 
different  cell  types.  In  models  of  reparative  and  interstitial  left  ventricular 
fibrosis,  both  Smad-dependent  and  Smad-independent  actions  of  TGF-P 
signalling  have  been  suggested  to  play  important  roles  in  regulation  of 
fibroblast  responses^^”^^  and  in  deposition  of  extracellular  matrix  pro¬ 
teins.  Experiments  investigating  the  in  vivo  role  of  TGF-P  signalling  cas¬ 
cades  in  fibrosis  and  remodelling  of  the  RV  have  not  been  performed. 
Experimental  studies  in  both  angio-obliterative  and  surgical  models  of 
right  ventricular  pressure  overload  suggested  that  endoglin,  an  accessory 
receptor  for  the  TGF-P  family,  may  mediate  fibrosis  and  dysfunction  of 
the  RV.’^ 

3.2.3.6  The  matricellular  proteins 

Matricellular  proteins  are  extracellular  macromolecules  that  do  not 
serve  a  primary  structural  role,  but  are  secreted  following  injury  and 
modulate  growth  factor  and  cytokine  responses.  In  the  remodelling 
myocardium,  the  extracellular  matrix  is  enriched  through  the  deposition 
of  matricellular  proteins.  Over  the  last  10-1 5  years,  experimental  studies 
have  suggested  that  several  members  of  the  matricellular  family  (includ¬ 
ing  the  thrombospondins,  tenascins,  osteopontin,  SPARG,  periostin,  and 
members  of  the  CCN  family)  are  markedly  induced  in  the  injured  and 
pressure  overloaded  left  ventricle  and  play  a  critical  role  in  regulating  in¬ 
flammatory,  fibrotic,  and  angiogenic  responses.”'^®“^°^  The  potential  in¬ 
volvement  of  members  of  the  matricellular  proteins  in  remodelling  of 
the  pressure-overloaded  RV  is  suggested  almost  exclusively  by  descrip¬ 
tive  studies.  Right  ventricular  upregulation  of  osteopontin,  tenascin-C, 
SPARC,  and  CCN2  has  been  documented  in  experimental  models  of 
PH  40,70,102,103  qP  matricellular  proteins  in  the  pressure- 

overloaded  RV  may  be  mediated  through  the  activation  of  neurohu- 
moral  and  inflammatory  pathways  and  may  involve  activation  of  TGF-fi. 
Investigations  examining  the  role  of  matricellular  actions  in  regulating 
right  ventricular  fibrosis,  matrix  remodelling,  and  dysfunction  have  not 
been  performed. 

3.3.  The  extracellular  matrix  in  right 
ventricular  volume  overload 

Pure  right  ventricular  volume  overload  is  generally  well  tolerated  by 
human  patients  and  experimental  animals.  Many  patients  with  tetralogy 
of  Fallot  develop  pulmonary  insufficiency  that  typically  has  minimal  con¬ 
sequences  over  several  decades,  but  can  be  the  source  of  late  complica¬ 
tions  including  right  ventricular  dysfunction  due  to  chronic  volume 
overload.^®^  In  both  large  animal  and  rodent  models  of  pulmonary  insuf¬ 
ficiency,  right  ventricular  volume  overload  resulted  in  dilation  of  the  RV, 
accompanied  by  diastolic  dysfunction,  without  affecting  systolic 


function. In  the  mouse  model,  right  ventricular  volume  overload 
was  associated  with  development  of  subendocardial  fibrosis  in  the  right 
ventricular  wall.  Dynamic  changes  in  the  expression  of  matrix  re¬ 
modelling  genes  were  observed:  early  downregulation  of  some  mem¬ 
bers  of  the  TGF-P  superfamily  (such  as  growth  differentiation  factor 
(GDF)-5  and  GDF-7)  was  followed  by  late  induction  of  cytokines  and 
chemokines,  TGF-pi  upregulation  and  increased  transcription  of  matri¬ 
cellular  proteins  (including  thromsbospondin-1  and  periostin).^°^  The 
functional  significance  of  these  alterations  remains  unknown. 

3.4.  Right  ventricular  infarction 

Although  the  cellular  events  and  molecular  pathways  involved  in  fibrotic 
repair  of  the  infracted  left  ventricle  have  been  extensively  character¬ 
ized,^®^  much  less  is  known  about  the  response  of  the  RV  to  infractive  in¬ 
jury.  In  the  clinic,  right  ventricular  infarction  is  quite  common;  40-50%  of 
patients  with  acute  inferior  myocardial  infarction  exhibit  right  ventricular 
involvement.^®®  Experimental  animal  models  and  clinical  experience  sug¬ 
gest  that  although  early  functional  depression  of  the  RV  following  infarc¬ 
tion  may  have  adverse  consequences,  the  right  ventricular  myocardium 
is  resistant  to  infarction  and  recovers  even  after  prolonged  coronary 
occlusion.^®®  In  human  patients  with  early  right  ventricular  ischemic 
dysfunction,  the  function  of  the  RV  returns  to  normal  within 
3-12  months.”®  In  the  dog,  persistent  occlusion  of  the  right  coronary  ar¬ 
tery  does  not  cause  infarction.”^  The  more  favourable  balance  between 
oxygen  supply  and  demand  explains  the  reduced  vulnerability  of  the  RV 
to  ischemic  injury.  The  extensive  collateralization  of  the  RV  provides 
more  reliable  blood  supply  under  ischemic  conditions,  while  the  lower 
myocardial  mass  and  the  reduced  afterload  account  for  the  decreased 
demand,  in  comparison  to  the  left  ventricular  myocardium.  Moreover, 
the  RV  exhibits  higher  capabilities  to  extract  oxygen  under  conditions  of 
stress,  due  to  its  low  oxygen  contraction  levels  at  rest.  Whether  differ¬ 
ences  in  the  matrix  composition  of  the  cardiac  interstitium,  or  distinct 
functional  properties  of  right  ventricular  fibroblasts  and  immune  cells 
contribute  to  the  unique  response  of  the  RV  to  ischemia  is  unknown. 

3.5.  The  right  ventricular  extracellular 
matrix  in  arrhythmogenic 
cardiomyopathies 

Myocardial  fibrosis  perturbs  propagation  of  the  electrical  impulse  and 
has  been  implicated  in  arrhythmia  generation.  Evidence  of  right  ventricu¬ 
lar  interstitial  or  perivascular  fibrosis  was  found  in  56%  of  patients  with 
ventricular  arrhythmias  in  the  absence  of  clinical  structural  heart  dis¬ 
ease.”^  Interstitial  fibrosis  in  the  RVOT  has  been  detected  in  patients 
with  sudden  cardiac  death  related  to  Brugada  syndrome.”®  In  patients 
with  hypertrophic  cardiomyopathy,  right  ventricular  fibrosis  predicted 
arrhythmic  events.”^  Individuals  with  arrhythmogenic  right  ventricular 
cardiomyopathy  (ARVC)  exhibit  expansion  of  right  ventricular  fibroadi- 
pocytes,  leading  to  fibrosis  and  fatty  infiltration.”®”^® 

The  mechanisms  responsible  for  the  marked  alterations  in  myocardial 
cellular  composition  in  patients  with  ARVC  and  other  arrhythmogenic 
cardiomyopathies  remain  unknown.  Genetic  studies  have  identified  mu¬ 
tations  in  genes  encoding  desmosome  proteins  as  the  underlying  cause 
in  many  patients  with  ARVC.  Mutations  in  PKP2,  which  encodes 
plakophilin-2,  in  desmoplakin,  and  desmoglein-2  have  been  identified  in 
many  patients  with  ARVC.”^'”^  In  mice,  loss  of  desmoplakin  in  a  subset 
of  interstitial  cells  with  fibroadipocyte  characteristics  promotes  adipo¬ 
cyte  differentiation  through  a  Wnt-dependent  mechanism.^ The 
cellular  link  between  these  mutations  and  right  ventricular  fibrosis  is  less 
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clear.  Fibrosis  may  reflect  cardiomyocyte  injury,  or  primary  activation  of 
interstitial  cell  populations  and  transition  to  a  fibroblast  phenotype.^^^ 
Recent  cell  biological  experiments  suggested  that  plakophilin-2  loss  pro¬ 
motes  TGF-P1  expression  and  may  activate  a  fibrogenic  program  in  car- 
diomyocytes.^^^  The  significance  of  these  actions  in  the  pathogenesis  of 
fibrosis  in  ARVC  remains  unclear. 

3.6.  Right  ventricular  fibrosis  in  response  to 
cancer  chemotherapy 

Patients  treated  with  anthracyc lines  as  cancer  chemotherapy  exhibit  a 
high  incidence  of  cardiac  complications.  Acute  anthracycline  cardiotoxic- 
ity  is  rare  in  human  patients  and  is  associated  with  dose-dependent  cardi¬ 
omyocyte  injury  and  secondary  inflammation.^  Chronic  cardiotoxicity 
on  the  other  hand,  may  occur  within  1  year  after  completion  of  treat¬ 
ment  (early-onset  chronic  cardiomyopathy),  or  may  affect  cancer  sur¬ 
vivors  many  years  after  therapy  (late-onset  chronic  cardiomyopathy).^ 

A  growing  body  of  evidence  suggests  that  interstitial  fibrosis  may  be  an 
important  component  of  the  cardiac  pathology  in  cancer  survivors 
exposed  to  anthracyclines.  Magnetic  resonance  imaging  showed 
enhanced  chronic  fibrotic  changes  in  anthracycline-treated  patients.^^® 
Moreover,  late  development  of  systolic  heart  failure,  arrhythmias,  and 
sudden  death  in  patients  treated  with  anthracyclines  was  associated  with 
histological  evidence  of  myocardial  fibrosis.  '  In  animal  models  of 
doxorubicin  toxicity,  a  subacute  increase  in  myocardial  fibrosis  was 
strongly  linked  with  late  mortality.^®^  Data  on  the  extent  of  right  ven¬ 
tricular  fibrotic  remodelling  following  anthracycline  administration  are 
conflicting.  In  a  mouse  model,  doxorubicin  administration  significantly 
increased  collagen  deposition  in  both  the  left  and  the  right  ventricle.^®^ 
In  contrast,  in  rabbits  treated  with  daunorubicin  fibrotic,  changes  were 
reported  to  be  much  less  severe  in  the  right  ventricle.^®®  Species-specific 
effects,  differences  in  the  dose  of  the  anthracycline,  and  in  the  timing  of 
assessment  of  fibrosis  may  explain  the  conflicting  findings.  The  cellular 
basis  of  fibrosis  in  response  to  anthracycline  treatment  has  not  been 
systematically  studied.  Fibrotic  changes  may  represent  an  epiphenom- 
enon,  reflecting  activation  of  a  reparative  program  in  response  to 
anthracycline-induced  cardiomyocyte  death.  Direct  effects  of  anthracy¬ 
clines  on  fibroblasts  should  also  be  considered.  A  recent  study  suggested 
that  doxorubicin-induced  generation  of  reactive  oxygen  species  may  ac¬ 
tivate  ataxia  telangiectasia  mutated  (ATM)  kinase  in  cardiac  fibroblasts 
promoting  a  fibrotic  response.^ 

3.7.  The  profibrotic  effects  of  cigarette 
smoke 

A  recently  published  study  suggested  that  cigarette  smoke  exposure 
may  increase  right  ventricular  collagen  content  in  mice,  suppressing  right 
ventricular  function,  in  the  absence  of  any  effects  on  the  left  ventricle 
and  on  the  pulmonary  vasculature.^®®  The  profibrotic  effects  of  cigarette 
smoke  were  attributed  to  nicotine-mediated  activation  of  0(7  nicotine 
acetylcholine  receptor  signalling  in  cardiac  fibroblasts.  The  basis  for  the 
selective  involvement  of  the  RV  is  unknown.  Direct  profibrotic  effects  of 
cigarette  smoke  may  explain  the  presence  of  right  ventricular  dysfunc¬ 
tion  in  some  patients  with  chronic  obstructive  pulmonary  disease,  des¬ 
pite  the  absence  of  pulmonary  hypertension.^®® 

3.8.  Right  ventricular  fibrosis  in  response  to 
left  ventricular  disease 

Although  the  systemic  and  the  pulmonary  circulation  are  arranged  in  ser¬ 
ies,  there  are  several  layers  of  functional  integration  between  the  left  and 


the  right  ventricle.  The  common  pericardium  that  encircles  both  cham¬ 
bers,  the  continuity  between  the  muscle  fibres  of  the  left  and  right  ven¬ 
tricular-free  wall,  the  shared  interventricular  septum,  and  perfusion  by 
the  coronary  arterial  system  generate  a  physiologic  interdependence  be¬ 
tween  the  right  and  the  left  ventricle.  In  left  ventricular  disease,  additional 
mechanisms  contribute  to  structural  remodelling  and  dysfunction  of  the 
RV.  In  an  experimental  model  of  left  ventricular  myocardial  infarction,  a 
marked  upregulation  in  right  ventricular  collagen  type  1  and  ill  mRNA 
synthesis  was  reported,  peaking  7-14  days  after  coronary  occlusion. 
Collagen  deposition  was  followed  by  significantly  increased  right  ven¬ 
tricular  stiffness,  56  days  after  infarction.^ ®^  Moreover,  increased  right 
ventricular  stiffness  is  noted  in  a  model  of  left  ventricular  pressure  over¬ 
load,^®®  and  in  a  model  of  renovascular  hypertension,  interstitial  fibrosis 
is  noted  in  both  the  pressure-overloaded  left  ventricle  and  in  the  RV.^® 
Structural  remodelling  of  the  extracellular  matrix  network  of  the  RV  in 
response  to  left  ventricular  disease  is,  at  least  in  part,  secondary  to  the 
increased  right  ventricular  pressures  caused  by  left  ventricular  failure, 
but  may  also  reflect  systemic  activation  of  neurohumoral  pathways  that 
affect  both  ventricles.^^ 

3.9.  The  right  ventricular  interstitium  in 
senescent  and  diabetic  hearts 

Aging,  obesity,  and  diabetes  are  associated  with  interstitial  and  perivascu- 
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lar  cardiac  fibrosis  that  may  contribute  to  diastolic  dysfunction. 

Some  studies  have  reported  that  in  senescent  mice,  the  fibrotic  response 
may  be  more  diffuse  in  the  RV  than  in  the  left  ventricle,  suggesting  that 
these  changes  may  explain  the  aging-associated  increase  in  the  incidence 
of  arrhythmias.^"*®'^^®  Moreover,  in  a  rat  model  of  type  1  diabetes,  signifi¬ 
cant  RV  fibrosis  was  noted  in  the  absence  of  hypertrophy  or  cardiomyo¬ 
cyte  apoptosis.^^  Whether  these  observations  are  relevant  in  senescent 
or  diabetic  human  subjects  remains  unknown. 

4.  Does  the  right  ventricular 
interstitium  exhibit  unique 
pathophysiological  responses? 

Although  the  importance  of  right  ventricular  dysfunction  in  patients  with 
cardiac  and  pulmonary  disease  is  widely  appreciated,  understanding  of 
the  pathophysiological  underpinnings  of  right  ventricular  failure  remains 
limited.  This  is  due,  at  least  in  part,  to  the  notion  that  considering  the  in¬ 
tense  research  interest  on  the  cell  biological  responses  to  left  ventricular 
injury,  relatively  little  additional  information  can  be  derived  by  investigat¬ 
ing  interactions  between  the  same  cell  types  in  the  RV.  In  the  absence  of 
injury,  right  and  left  ventricular  fibroblasts  appear  to  have  similar  charac¬ 
teristics;  the  matrix  networks  of  the  left  and  the  right  ventricle  share 
common  structural  properties.  FHowever,  the  right  ventricular  predilec¬ 
tion  of  certain  genetic  conditions  associated  with  interstitial  remodelling, 
such  as  ARVC,  suggests  unique  characteristics  of  the  interstitial  cells 
populating  the  right  ventricular  wall.  The  cellular  composition  of  the  RV 
has  not  been  systematically  studied  and  the  molecular  links  between  gen¬ 
etic  alterations  and  right  ventricular  interstitial  remodelling  remain 
unknown. 

Moreover,  various  diseases  impose  unique  pathophysiological  chal¬ 
lenges  to  the  right  ventricular  interstitium.  In  conditions  associated  with 
right  ventricular  pressure  overload,  the  dramatic  pressure  increases 
would  be  expected  to  transduce  potent  activating  signals  in  interstitial 
cells  populating  the  RV.  Under  hypoxic  conditions,  the  favourable 
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oxygen  supply  and  demand  relations  in  the  RV  may  result  in  distinct 
interstitial  cell  responses.  To  what  extent  the  relative  resistance  of  the 
RV  to  infarctive  injury  is  dependent  on  unique  properties  of  the  right 
ventricular  interstitium  remains  unknown.  Thus,  understanding  the  path- 
obiology  of  right  ventricular  interstitial  cells  may  provide  unique  insights 
into  strategies  to  improve  adverse  remodelling  in  left  ventricular 
diseases. 


5.  Conclusions 

A  growing  body  of  evidence  suggests  that  phenotypic  and  functional  al¬ 
terations  of  interstitial  cell  populations  and  changes  in  the  composition 
of  the  extracellular  matrix  network  may  play  an  important  role  in  the 
pathogenesis  of  right  ventricular  dysfunction  in  a  wide  range  of  patho¬ 
logic  conditions.  Our  current  understanding  of  the  cell  biological  mech¬ 
anisms  and  molecular  signals  involved  in  right  ventricular  fibrosis  is  based 
to  a  large  extent  on  extrapolation  from  studies  investigating  left  ventricu¬ 
lar  remodelling.  Although  the  two  ventricles  have  similarities  in  cellular 
composition  and  share  several  layers  of  functional  integration,  they  also 
exhibit  significant  differences  in  embryologic  origin,  physiologic  proper¬ 
ties,  and  pathophysiological  responses.  Studies  dissecting  RV-specific  cel¬ 
lular  responses  to  injury  are  needed  in  order  to  understand  the  basis  for 
right  ventricular  remodelling  and  dysfunction.  Insights  into  the  mechan¬ 
isms  of  right  ventricular  fibrosis  are  necessary  in  order  to  develop  novel 
therapeutic  strategies  to  prevent  right  ventricular  dysfunction  in  patients 
with  pulmonary  hypertension,  and  to  inhibit  arrhythmia  generation  in  pa¬ 
tients  with  right  ventricular  cardiomyopathies. 
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Abstract 

Purpose  of  Review  Activated  fibroblasts  are  critically  impli¬ 
cated  in  repair  and  remodeling  of  the  injured  heart.  This  man¬ 
uscript  discusses  recent  progress  in  the  cell  biology  of  fibro¬ 
blasts  in  the  infarcted  and  remodeling  myocardium,  highlight¬ 
ing  advances  in  understanding  the  origin,  function,  and  mech¬ 
anisms  of  activation  of  these  cells. 

Recent  Findings  Following  myocardial  injury,  fibroblasts  un¬ 
dergo  activation  and  myofibroblast  transdifferentiation. 
Recently  published  studies  have  suggested  that  most  activated 
myofibroblasts  in  the  infarcted  and  pressure-overloaded  hearts 
are  derived  from  resident  fibroblast  populations.  In  the  healing 
infarct,  fibroblasts  undergo  dynamic  phenotypic  alterations  in 
response  to  changes  in  the  cytokine  milieu  and  in  the  compo¬ 
sition  of  the  extracellular  matrix.  Fibroblasts  do  not  simply 
serve  as  matrix-producing  cells,  but  may  also  regulate  inflam¬ 
mation,  modulate  cardiomyocyte  survival  and  function,  medi¬ 
ate  angiogenesis,  and  contribute  to  phagocytosis  of  dead  cells. 
Summary  In  the  injured  myocardium,  fibroblasts  are  derived 
predominantly  from  resident  populations  and  serve  a  wide 
range  of  functions. 
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Introduction 

Heart  failure  is  a  major  cause  of  morbidity  and  mortality  in 
western  societies  [1].  Despite  extensive  research  in  the  field, 
prognosis  for  patients  with  heart  failure  remains  poor, 
reflecting  our  limited  understanding  of  the  pathophysiology 
of  the  disease  and  the  challenges  in  development  and  imple¬ 
mentation  of  new  therapeutic  strategies  [2].  Cardiac  fibrosis  is 
one  of  the  major  pathophysiologic  underpinnings  of  heart  fail¬ 
ure  [3],  Expansion  of  the  cardiac  interstitium  and  deposition  of 
extracellular  matrix  proteins  are  consistently  noted  in  experi¬ 
mental  models  of  heart  failure  and  in  human  patients  with 
cardiomyopathic  conditions,  regardless  of  etiology.  In  the  in¬ 
jured  heart,  fibrosis  is  an  important  part  of  the  reparative  re¬ 
sponse.  Cardiomyocytes  have  very  limited  regenerative  ca¬ 
pacity;  as  a  result,  sudden  loss  of  signifieant  amounts  of  car¬ 
diac  muscle  in  myocardial  infarction  activates  a  fibrotic  re¬ 
sponse  that  preserves  the  structural  integrity  of  the  heart, 
preventing  catastrophic  events,  such  as  cardiac  rupture.  The 
reparative  function  of  cardiac  fibrosis  is  dependent  on  timely 
activation  and  suppression  of  signals  that  mediate  matrix  de¬ 
position.  Excessive  or  prolonged  fibrogenic  aetivation  follow¬ 
ing  myocardial  injury  increases  chamber  stiffness  causing  di¬ 
astolic  dysfunction.  Moreover,  perturbations  of  the  myocardi¬ 
al  architecture  in  fibrotic  hearts  can  also  trigger  systolic  dys¬ 
function  [4]. 

Fibroblasts  are  the  central  cellular  effectors  of  fibrosis. 
Following  myocardial  injury,  fibroblasts  undergo  dramatic 
phenotypic  changes  in  response  to  microenvironmental  alter¬ 
ations  in  the  cytokine  milieu  and  in  the  composition  of  the 
extracellular  matrix  [5-8],  Traditional  concepts  paint  a 
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unidimensional  picture  of  cardiac  fibroblasts,  as  the  main  cel¬ 
lular  source  of  extracellular  matrix  proteins  in  the  injured 
myocardium  [9].  However,  a  growing  body  of  evidence  sug¬ 
gests  that  fibroblasts  are  functionally  and  phenotypically  het¬ 
erogeneous,  and  may  play  diverse  roles  in  cardiac  homeostasis 
and  disease  [lO**,  1 1-13].  The  current  review  manuscript  dis¬ 
cusses  recent  advances  in  our  understanding  of  the  biology  of 
fibroblasts  in  cardiac  remodeling.  We  will  focus  on  the  cellular 
origin  and  function  of  activated  fibroblasts  in  infarcted  and 
remodeling  hearts,  and  we  will  discuss  key  molecular  signals 
implicated  in  fibroblast  activation. 

Fibroblasts  in  Normal  Myocardium 

Extensive  experimental  evidence  suggests  that  the  adult  mam¬ 
malian  heart  contains  a  large  population  of  interstitial  cells; 
many  of  these  cells  exhibit  fibroblast-like  characteristics. 
Early  reports  using  transmission  electron  microscopy  sug¬ 
gested  that  fibroblasts  may  be  the  most  abundant  myocardial 
cells  [14].  More  recent  studies  using  combinations  of  markers 
for  cell  labeling  suggested  that  in  adult  mouse  hearts,  less  than 
20%  of  non-cardiomyocytes  can  be  identified  as  fibroblasts 
[15*].  The  relative  abundance  of  myocardial  fibroblasts  re¬ 
ported  in  different  studies  varies  depending  on  the  species, 
gender,  and  age  of  experimental  subjects  and  on  the  markers 
used  for  cell  identification.  The  absence  of  specific  markers  is 
a  major  limitation  for  definitive  identification  of  fibroblast 
populations  in  both  nonnal  and  injured  hearts. 

The  role  of  fibroblasts  in  cardiac  homeostasis  remains 
poorly  understood.  In  vitro  studies  have  suggested  that  em¬ 
bryonic  cardiac  fibroblasts  stimulate  cardiomyocyte  prolifera¬ 
tion,  whereas  adult  cells  promote  hypertrophy  [16].  In  the 
absence  of  injury,  resident  cardiac  fibroblasts  may  serve  to 
maintain  the  cardiac  extracellular  matrix  network.  Because 
of  their  abundance  and  their  close  interactions  with 
cardiomyocytes  and  vascular  cells,  fibroblasts  may  also  play 
an  important  role  in  regulating  baseline  cardiac  function. 
However,  in  vivo  experiments  testing  this  intriguing  hypoth¬ 
esis  have  not  been  performed. 

Fibroblasts  in  the  Infarcted  Myocardium 

The  adult  mammalian  heart  has  limited  regenerative  capacity; 
as  a  result,  sudden  death  of  a  large  number  of  cardiomyocytes 
following  infarction  triggers  a  reparative  response,  fonning  a 
collagen-based  scar  that  preserves  the  structural  integrity  of 
the  ventricle  [17].  Cardiac  repair  following  myocardial  infarc¬ 
tion  can  be  divided  in  three  distinct  but  overlapping  phases: 
the  inflammatory,  proliferative,  and  maturation  phase  [18].  In 
response  to  the  dramatic  changes  in  the  cytokine  milieu  and  to 
the  alterations  in  composition  of  the  surrounding  extracellular 
matrix  following  infarction,  cardiac  fibroblasts  exhibit 


dynamic  phenotypic  changes  during  the  three  phases  of  car¬ 
diac  repair  [5,  19,  20]. 

The  Fibroblasts  during  the  Inflammatory  Phase  of  Infarct 
Healing 

In  the  infarcted  myocardium,  necrosis  of  cardiomyocytes  ac¬ 
tivates  innate  immune  signaling  pathways  triggering  an  in¬ 
tense  inflammatory  reaction  [21,  22],  associated  with  marked 
upregulation  of  pro-inflammatory  cytokines  and  chemokines 
[23].  Upon  stimulation  with  interleukin  (IL)- 1  or  tumor  necro¬ 
sis  factor  (TNF)-a,  cardiac  fibroblasts  are  capable  of  secreting 
large  amounts  of  pro-inflammatory  mediators  and  proteases 
[13,  24,  25].  Considering  their  relative  abundance  and  their 
strategic  location  in  close  proximity  to  vessels  and 
cardiomyocytes,  fibroblasts  may  be  important  cellular  effec¬ 
tors  of  the  post-infarction  inflammatory  response.  Although 
in  vivo  experiments  testing  this  hypothesis  have  not  been  per¬ 
formed,  a  growing  body  of  evidence  suggests  that  resident 
cardiac  fibroblasts  may  promote  early  post-ischemic  dysfunc¬ 
tion,  at  least  in  part,  through  activation  of  a  pro-inflammatory 
program  [11,  12]. 

The  Fibroblasts  during  the  Proliferative  Phase: 
Myofibroblast  Transdifferentiation 

Activation  of  endogenous  pathways  that  inhibit  innate  im¬ 
mune  signaling  and  suppress  pro-inflammatory  activation 
[26]  marks  the  transition  from  the  inflammatory  to  the  prolif¬ 
erative  phase  of  infarct  healing.  As  the  neutrophil  infiltrate  is 
cleared  by  macrophages,  fibroblasts  expand  and  undergo 
myofibroblast  transdifferentiation  [13],  expressing  contractile 
proteins,  such  as  a-smooth  muscle  actin  (aSMA)  (Fig.  1  a-d), 
and  secreting  large  amounts  of  extracellular  matrix  proteins 
[27,  28].  Activated  fibroblasts  play  a  critical  role  in  preserva¬ 
tion  of  the  structural  integrity  of  the  infarcted  ventricle  [lO**]; 
however,  excessive  or  prolonged  activation  of  fibroblast  pop¬ 
ulations  may  reduce  ventricular  compliance,  promote  adverse 
remodeling,  and  precipitate  heart  failure  [29].  In  addition  to 
their  established  role  in  matrix  synthesis,  injury-associated 
myofibroblasts  (or  specific  subsets  of  these  cells)  may  serve 
a  wide  range  of  additional  roles.  In  the  infarcted  myocardium, 
activated  fibroblasts  have  been  implicated  in  phagocytosis  of 
dead  cells  [30].  Moreover,  activated  fibroblasts  may  modulate 
cardiomyocyte  survival,  hypertrophy,  and  function  under  con¬ 
ditions  of  stress  [31**].  Recent  evidence  has  suggested  that 
following  injury,  myocardial  fibroblasts  exhibit  remarkable 
phenotypic  plasticity  and  may  generate  endothelial  cells  con¬ 
tributing  to  neovascularization  [32*]. 

Although  the  heart  contains  abundant  resident  cardiac  fi¬ 
broblasts  that  can  respond  to  activating  signals,  several  other 
potential  cellular  sources  have  been  proposed  to  explain  the 
expanding  myofibroblast  population  in  the  infarcted  and 
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Fig.  1  Myofibroblasts  in  the 
infarcted  and  remodeling 
myocardium.  ocSMA 
immunofluorescence  identifies 
abundant  myofibroblasts 
(arrows)  in  infarcted  mouse 
hearts  (after  7  days  of  coronary 
occlusion)  (a,  b)  and  in  pressure- 
overloaded  hearts  after  7  days  of 
transverse  aortic  constriction  (c, 
d).  e  Myofibroblasts  in  injured 
hearts  may  originate  from  a 
variety  of  sources,  including 
epicardial  epithelial  cells, 
endotheliiun  (through  EndMT), 
vascular  pericytes,  bone  marrow- 
derived  precursors,  and  resident 
cardiac  fibroblasts.  Recently 
published  studies  in  mouse 
models  using  lineage  tracing 
approaches  suggest  that  resident 
cardiac  fibroblast  populations 
may  be  the  most  important  source 
of  activated  myofibroblasts  in 
infarcted  and  pressure-overloaded 
hearts 


e 


Bone  marrow  derived  precursors 


Myofibroblast  Pericytes 


remodeling  myocardium.  Endothelial  cells,  hematopoietic  fi¬ 
broblast  progenitors,  pericytes  and  vascular  smooth  muscle 
cells,  and  epicardial  epithelial  cells  have  been  proposed  as 
important  contributors  to  myocardial  fibrotic  responses 
(Fig.  le)  [33].  Over  the  last  10  years,  several  investigative 
groups  have  combined  bone  marrow  transplantation  experi¬ 
ments,  parabiosis  and  lineage  tracing  strategies  to  investigate 
the  cellular  origin  of  fibroblasts  in  the  infarcted  and  remodel¬ 
ing  myocardium  [lO**,  34—38].  Interpretation  of  the  findings 
is  inherently  challenging  because  of  the  functional  and  phe¬ 
notypic  heterogeneity  of  fibroblast  populations  and  the  lack  of 
specific  molecular  markers  to  identify  fibroblasts  [39]. 


Moreover,  it  should  be  emphasized  that  the  relative  contribu¬ 
tions  of  various  cell  types  may  depend  on  the  type  of  myocar¬ 
dial  injury.  In  pathophysiologic  conditions  associated  with 
extensive  cardiomyocyte  necrosis  (such  as  myocardial  infarc¬ 
tion),  intense  upregulation  of  chemokines  may  drive  recruit¬ 
ment  of  non-resident  populations  that  may  significantly  con¬ 
tribute  to  the  activated  fibroblast  populations.  Table  1  provides 
an  overview  of  recently  published  investigations  examining 
the  cellular  origin  of  activated  fibroblasts  in  infarcted  and 
pressure-overloaded  hearts.  Although  earlier  studies  have  sug¬ 
gested  important  contributions  of  endothelial  cells  [34,  35] 
and  hematopoietic  progenitors  [36],  recent  investigations 
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Table  1  Overview  of  the  studies  identifying  the  cellular  sources  of  activated  fibroblasts  in  the  infarcted  and  remodeling  myocardium 


Reference 

Cellular  source(s)  of  activated 
fibroblasts 

Species 

Model  of  eardiac 
remodeling 

Strategies  used  to  identify  the 
eellular  origins  of  fibroblasts 

Markers  used  for 
fibroblast  labeling 

Kaiiisicak  et  al. 
[10»] 

Activated  fibroblasts  in  infarcted  and 
remodeling  hearts  are  derived  from 
TcGl+  tissue-resident  fibroblasts. 
Endothelial  cells,  myeloid  cells  and 
smooth  muscle  cells  do  not  significantly 
contribute  to  the  activated  fibroblast 
population 

Mouse 

Myocardial  infarction. 
Pressure  overload 
induced  through 
Transverse  aortic 
constriction  (TAC) 

Lineage  tracing  using  Periostin^^^, 
TcfZl*^*"^  (to  label  resident 
fibroblasts),  LysM-Cre  (to  label 
myeloid  cells),  Cdh5Cre  (for 
endothelial  cells)  and  MyhllCre^^^^ 
(for  smooth  muscle  cells) 

Vimentin,  PDGFRa, 
aSMA 

Ruiz-Villalba  et  al. 
[40] 

Epicardial-derived  resident  mesenchymal 
cells 

{WtlCre-eYFP-F/CD31-/CD90-t-/aSM- 
A  low/—)  (major  contribution)  and  bone 
marrow-derived  cells 
(Lin/cKit+/Scal-t-/Flk2+/CD34)  (minor 
contribution),  mobilized  in  response  to 
chemotactic  stromal  cell-derived  factor 
(SDF)- let  gradient 

Mouse 

Myocardial  infarction 
Pressure  overload 
induced  through 
angiotensin 
infusion 

Permanent  genetic  tracing  of 

epicardium-derived  cell  and  bone 
marrow-derived  blood  cell  lineages 
using  Wtl/IRES/GFP-Cre  (WtlCre) 
mice  crossed  with  Rosa26R-eYFP 
activating  permanent  reporter 
enhanced  yellow  fluorescent  protein 
(eYFP-l-)  expression  in  the  Wtl+  cell 
lineage  (WtlCre-YFP+) 

Collagen  I,  FSPl,  DDR2, 
CD90,  aSMA 

Aisaghboni  et  al. 
[34] 

A  significant  proportion  of  activated 
fibroblasts  (35—40%)  is  derived  from 
endothelial  cells 

Mouse 

Myocardial  infarction 

Cell  lineage  tracing  using  TOPGAL 
reporter  transgenic  mouse  line,  which 
carries  the  laeZ  gene  under  the  control 
of  three  tandem  (3-catenin-responsive 
consensus  TCF/LEF-binding  motifs 
upstream  of  a  minimal  fos  promoter 
and  double  transgenic  line  canying 
the  inducible  Cre  recombinase  under 
the  endothelial-specific  enhancer  of 
the  stem  cell  leukemia  (SCL)  gene 
and  the  R26RstoplacZ  locus 

aSMA,  snail,  FSPl, 
vimentin,  and  collagen 

1 

Zhou  et  al.  [41] 

Epicardium-derived  cells  differentiate  into 
fibroblasts  in  the  infarcted  myocardium 

Mouse 

Myocardial  infarction 

Genetic  lineage  tracing  strategy  using 
tamoxifen  induced  Cre  allele, 
WtlCreERT2/-F,  with 
epicardium-restricted  cardiac  activity, 
crossed  with  Rosa26mTmG/-l- 
reporter  line,  which  switches  from 
mRFP  to  mGFP  expression  following 
Cre  catalyzed  recombination 

FSPl,  procollagen  I, 
collagen  III, 
fibronectin,  a-SMA 

Van  Amerongen 
et  al.  [42] 

Bone  marrow-derived  cells  contribute  to  the 
myofibroblast  population  in  the  infarcted 
myocardium  (approximately  24%  of 
myofibroblasts  are  bone 
marrow-derived) 

Mouse 

Myocardial  infarction 

Myocardial  infarction  induced  in 
C57BL/6  mice  reconstituted  with 
bone  marrow  transgenic  for  EGFP,  as 
a  reporter  molecule,  or  with  bone 
marrow  cells  that  express  two  reporter 
genes  (luciferase  and 
(3-galactosidase)  under  the  conbol  of 
the  promoter  and  enhancer  elements 
of  the  collagen  I  (oc2  chain)  gene 

(X-SMA+  cells  with 
spindle  shaped 
morphology 

Fujita  et  al.  [43] 

Blood-derived  cells  contributed  to  the 
myofibroblast  population 

Mouse 

Myocardial  infarction 

Whole  bone  marrow  or  single 

hematopoietic  cell  transplantation 
from  GFP  transgenic  mice 

CD451ow/-  elongated 
cells  expressing 
vimentin  and  aSMA 

Mollmann  et  al. 

[36] 

A  large  population  of  infarct  fibroblasts  is 
derived  from  bone  marrow  cells  (57%  on 
day  7  after  infarction,  32%  on  day  21) 

Mouse 

Myocardial  infai'ction 

Bone  maiTow  transplantation  from 
enhanced  green  fluorescent  protein 
(eGFP)-ti'ansgenic  mice 

Vimentin,  aSMA,  SMemb 

Yano  et  al.  [44] 

Circulating  bone  marrow  cells  do  not 
contribute  to  the  myofibroblast 
population 

Rat 

Myocardial  infarction 

Bone  marrow  bansplantation  from  green 
fluorescent  protein  (GFP)  + 
transgenic  mice  into  nude  rats 

Vimentin,  aSMA 

Ah  et  al.  [37] 

The  majority  of  cai'diac  fibroblasts  in  the 
pressure-overloaded  myocardium  are 
derived  from  epicardial  populations,  a 
minority  from  endothelial  cells,  and  a 
small  fraction  from  Pax3-expressing 
cells 

Mouse 

Pressure  overload 
through  TAC 

Fate-mapping  models  using  Pax3Cre/-t-, 
Tie2Cre/+,  WtlCieERT2/+, 
Myhllcre/+-GFP,  VavlCre/+, 
TfixlSCre  transgenic  mice,  Myh6-GFP 
and  R26RmT/mG  mice,  bone  marrow 
transplantation  and  parabiosis,  global- 
and  fibroblast-specific  gene  expression 
analysis 

Collagen  I,  DDR2, 
PDGFRa,  vimentin, 
aSMA,  CD90 
exclusion  criteria  for 
hematopoietic  cells, 
macrophages  and 
endothelial  cells 

Moore-Morris 
et  al.  [38] 

Activated  fibroblasts  in  the 

pressure-overloaded  myocardium  are 
derived  from  two  resident  fibroblast 
populations,  and  not  from  hematopoietic 
cells,  endothelial  cells  or  epithelial  cells 

Mouse 

Pressure  overload 
through  TAC 

Genetic  lineage  tracing  using  transgenic 
GFP  reporter  mouse  line  driven  by  a 
collagenlal  enhancer  crossed  with 
Wtl-Cre,  Tie2-Cre,  Vav-Cre, 
VE-cadherin-Cre®™,  Tbxl8-Cre, 
Wtl-Cre™,  Nfatcl-Cre,  and 
Rosa-tdT-Cre 

Vimentin,  PDGFRa, 

Thyl,  DDR2 
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Table  1  (continued) 

Reference 

Cellular  souree(s)  of  activated 
fibroblasts 

Species 

Model  of  eardiac 
remodeling 

Strategies  used  to  identify  the 
eellular  origins  of  fibroblasts 

Markers  used  for 
fibroblast  labeling 

Zeisberg  et  al.  [35] 

Activated  fibroblasts  in  the 

pressure-overloaded  myocardium  are 
derived  from  endothelial  cells  through 
endothelial-mesenchymal  transition 
(EndMT)  (27-35%  of  all  fibroblasts) 
either  FSPl-b  or  aSMA-l-),  and  fi'om 
bone  marrow-derived  cells  (13.4%  of 
FSPl-b  cells  and  21.1%  of  a-SMA+ 
cells) 

Mouse 

Pressure  overload 
through  TAG 

Lineage  tracing  using 

TielCre;R26RstoplacZ  mice,  in 
which  cells  of  endothelial  origin  are 
irrevocably  marked  by  lacZ 
expression,  and  FSPl-GFP  transgenic 
mice,  in  which  green  fluorescent 
protein  (GFP)  is  expressed  under  the 
control  of  the  promoter  of 
fibroblast-specific  protein  1  (FSPl), 
bone  marrow  transplantation  of  WT 
mice  with  TielCre;R26RstoplacZ 
bone  marrow 

FSP-l,aSMA,  DDR2, 
type  I  collagen  al 

Krainmaiin  et  al. 
[45-] 

Gli- 1  +  pericytes  contribute  to  the 
myofibroblast  population  in  the 
remodeling  pressure-overloaded 
myocardium  (approximately  60%  of 
activated  fibroblasts  are  derived  from 
GUl-b  cells) 

Mouse 

Pressure  overload 
induced  through 
angiotensin 
infusion  or 
ascending  aortic 
constriction 

Lineage  tracing  using  GlilCre^^^  mice 

Collagen  I,  PDGFRa, 
aSMA 

combining  lineage  tracing  approaches  with  several  distinct 
Cre  drivers  suggested  that  subpopulations  of  resident  cardiac 
fibroblasts  are  the  main  source  for  activated  myofibroblasts  in 
infarcted  and  remodeling  hearts  [lO**,  37**,  38**]. 

Signals  Mediating  Myofibroblast  Activation 
in  the  Remodeling  Myocardium 

Myofibroblast  activation  in  the  infarcted  and  remodeling 
myocardium  requires  the  cooperation  of  growth  factors  and 
specialized  matrix  proteins,  which  signal  through  cell  surface 
receptors  to  activate  transcription  of  extracellular  matrix  pro¬ 
teins.  Macrophages,  mast  cells  and  lymphocytes  infiltrating 
the  remodeling  heart  play  an  important  role  in  fibroblast  acti¬ 
vation  by  secreting  a  wide  range  of  bioactive  mediators,  in¬ 
cluding  cytokines  (such  as  transforming  growth  factor 
(TGF)-|3  and  lL-10)  and  matricellular  proteins  [46-50]. 
Stimulated  cardiomyocytes  and  vascular  cells  in  the  area  of 
injury  may  also  activate  molecular  cascades  that  modulate 
fibroblast  behavior  [51]. 

Activation  of  the  renin-angiotensin-aldosterone  sys¬ 
tem  signaling  plays  an  important  role  in  fibroblast  pro¬ 
liferation  and  activation  in  the  infarcted  and  remodeling 
myocardium.  Experimental  studies  have  demonstrated 
that  angiotensin  type  1  receptor  (ATI)  and  aldosterone 
signaling  activate  fibroblasts  in  healing  myocardial  in¬ 
farcts  [52,  53].  Clinical  studies  in  human  patients  with 
acute  infarction  support  this  concept  demonstrating  that 
administration  of  an  aldosterone  antagonist  reduces  the 
levels  of  circulating  markers  of  collagen  synthesis  [54]. 
Moreover,  in  patients  with  hypertensive  heart  disease, 
ATI  blockade  significantly  reduced  indicators  associated 
with  myocardial  fibrosis  [55]. 


The  pleiotropic  mediator  TGF-P  also  plays  a  crucial 
role  in  activation  of  fibroblasts  in  the  remodeling  myo¬ 
cardium.  TGF-(3  isoforms  are  markedly  upregulated  in 
the  infarcted  and  remodeling  myocardium  and  are  se¬ 
creted  by  macrophages,  fibroblasts,  platelets,  vascular 
cells,  and  cardiomyocytes  in  a  latent  form  [56,  57]. 
Activation  of  TGF-(3  in  the  cardiac  interstitium  requires 
protease  actions  and  an  interaction  with  the  matricellular 
protein  thrombospondin- 1  [58,  59].  Following  activa¬ 
tion,  the  TGF-(3  dimer  binds  to  a  heterodimeric  complex 
of  TGF-(3  receptors  1  and  II  activating  canonical  signal¬ 
ing  cascades  that  involve  the  intracellular  effectors 
Smad2  and  Smad3,  and  triggering  Smad-independent 
pathways.  Smad3  signaling  appears  to  play  an  important 
role  in  fibroblast-mediated  matrix  synthesis  and  aSMA 
expression  [60,  61].  Although  effects  of  Smad- 
independent  pathways  have  been  documented  in  hyper¬ 
trophic  remodeling  and  dysfunction  of  cardiomyocytes 
in  the  pressure-overloaded  myocardium  [62],  the 
in  vivo  role  of  non-Smad  signaling  in  cardiac  fibroblast 
function  has  not  been  documented. 

Recent  studies  have  revealed  that  profibrotic  mediators, 
such  as  angiotensin  II  or  TGF-|3  act  by  activating  the  transient 
receptor  potential  (TRP)  channel-calcineurin  axis.  In  fibro¬ 
blasts,  TRPC6  is  induced  through  TGF- (3 -mediated  Smad- 
independent  signaling  and  is  implicated  in  cardiac 
myofibroblast  transdifferentiation  by  activating  a 
calcineurin-nuclear  factor  of  activated  T  cells  (NFAT)  cascade 
[63,  64**].  Experiments  in  atrial  fibroblasts  suggested  that 
TRPM7  is  implicated  in  TGF- 13 -induced  calcium  signaling 
and  in  myofibroblast  transdifferentiation  [65]  TRPV4  is  also 
involved  in  cardiac  myofibroblast  activation  by  integrating 
signals  from  secreted  growth  factors  (such  as  TGF-P)  and 
mechanosensitive  stimuli  [66]. 
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Fibroblast  Deactivation,  Quiescence,  and  Apoptosis 
in  the  Infarcted  and  Remodeling  Myocardium 

As  the  healing  scar  matures,  myofibroblasts  become 
quiescent,  reducing  synthesis  of  extracellular  matrix  pro¬ 
teins.  Many  myofibroblasts  in  the  infarct  border  zone 
may  undergo  apoptosis.  Despite  their  potential  impor¬ 
tance  in  protecting  the  infarcted  and  remodeling  myo¬ 
cardium  from  overactive  fibrosis  and  dysfunction,  the 
inhibitory  signals  responsible  for  myofibroblast  deactiva¬ 
tion  in  the  healing  scar  are  poorly  understood.  Our  ex¬ 
perimental  work  has  suggested  that  at  all  stages  of  re¬ 
pair,  fibroblasts  are  exposed  to  inhibitory  mediators, 
such  as  the  CXC  chemokine  interferon-y-inducible  pro¬ 
tein  (IP)-10/CXCL10  that  may  serve  to  prevent  exces¬ 
sive  fibrosis  [67,  68].  However,  the  role  of  specific 
endogenous  inhibitory  pathways  in  negative  regulation 
of  TGF-|3  and  angiotensin-mediated  responses  following 
infarction  has  not  been  investigated. 


Conclusions  and  Future  Directions 

Cardiac  fibroblasts  play  a  crucial  role  in  repair  of  the 
infarcted  myocardium,  but  are  also  implicated  in  the 
pathogenesis  of  adverse  remodeling  and  heart  failure 
following  cardiac  injury.  Despite  the  recent  expansion 
of  our  knowledge  on  the  cellular  origins  of  fibroblasts 
in  infarcted  and  remodeling  hearts,  our  understanding  of 
the  molecular  signals  implicated  in  fibroblast  activation 
following  myocardial  injury  remains  limited.  Future  re¬ 
search  needs  to  focus  on  in  vivo  experiments  to  identify 
functionally  distinct  fibroblast  subsets  in  injured  and 
remodeling  hearts,  and  on  studies  dissecting  the  molec¬ 
ular  pathways  mediating  specific  fibroblast  responses. 
Moreover,  study  of  endogenous  inhibitory  signals  that 
inhibit  fibroblast  activity  is  crucial  in  order  to  design 
novel  strategies  protecting  from  adverse  remodeling 
and  heart  failure. 
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